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Abstract 
Pentachlorophenol (PCP) is highly toxic and persistent, and so is listed as a priority 
pollutant for remediation. Both laccase and manganese peroxidase (MnP) secreted 
by a white rot fungus Pleurotus pulmonarius can degrade PCP. This study aims at 
studying the induction and regulation of these genes and enzymes by PCP through 
isolating the laccase and MnP-coding genes. Various PCP concentrations (400 to 
2000/xM/g biomass) were tested. Significant retardation of the biomass growth 
under all the PCP concentrations was observed. The removal efficiency of PCP by 
P. pulmonarius and PCP concentration applied were in an inverse relationship, and 
the removal efficiency ranged from 19.7% to 95.2%. 
The optimum concentration of PCP for the maximum activation of both M n P and 
laccase enzymes was 600 /xM PCP/g biomass. Activation of laccase and M n P 
correlated with the degradation of PCP. Five M n P genes and seven laccase genes 
were isolated from P. pulmonarius by cloning using degenerate primers and 
designing clade-specific primers using a constructed gene tree of the target sequences 
of Pleurotus species downloaded from Genbank. Except PPlacl, all the M n P genes 
and laccase genes are novel and this is the first time to isolate M n P and laccase genes 
from P. pulmonarius. The transcription level of the M n P and laccase genes varied 
and they are differentially regulated by PCP. Among the M n P genes, PPMnPl was 
down-regulated, while PPMnP5 was up-regulated by PCP. The gene expression of 
PPMnP2, PPMnPS and PPMnP4 were independent of PCP. For the laccase genes, 
PPlacl, PPlac2 and PPlac6 transcripts were activated by PCP and are so-called PCP 
degradative genes, but PPlacS transcript was suppressed by PCP. The 
transcriptional response became obvious at 24 hours but the first assessment was 
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understanding of the severity of all these pollution to our environment and human 
health, different kinds of treatment have been established for tackling these 
problems. 
1.3.1 Physical treatment 
Physical treatment of contaminated water provides a simple and effective means for 
remediation (Fong，2001). The conventional physical treatment technologies 
include adsorption over activated carbon, air stripping and incineration (Pellizzetti et 
al,, 1990). Adsorption is a well-established technique, and use of activated carbon 
is a process based on the phase transfer from aqueous to solid phase. Activated 
carbon, in granular or powdered form, is the most widely used adsorbent. Activated 
carbon is shown to have high efficiency (>98%) in removing pesticides from 
aqueous solution (Mollah & Robinson, 1996a; Thome & Jeuniaux, 1997; Hu et al., 
1998). However, activated carbon is quite expensive. Chemical and thermal 
regeneration of spent carbon is also expensive and time-consuming (Wang et al., 
2000). Besides, adsorption efficiency decreases with the deterioration of the 
function pores (Chan, 2002). Thus repeated use of activated carbon is not favorable 
(Edgehill & Lu, 1998). Besides, it is only a translocation of PCP from liquid to 
solid phase if post-treatment is not undergone (Chiu et al” 1998). 
1.3.2 Chemical treatment 
Some chemical oxidation processes have been proposed as effective technologies for 
the removal of many aromatic compounds. Advanced oxidation processes (AOP) 
based on hydroxyl radical ('OH) chemistry, such as hydrogen peroxide based systems, 
Fenton reaction, ozone based systems and photocatalysis, can efficiently oxidize 
many organic compounds (e.g. polycyclic aromatic hydrocarbons (PAHs), PCP, 
10 
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1.1 Organopollutants and environment 
With rapid industrialization, the scale of manufacturing industries and agriculture 
expands quickly and so does urbanization. A lot of synthetic and xenobiotic 
compounds are created for improving our quality of living. At the same time, a lot 
of organic wastes are indeed generated. This includes a variety of organic 
chemicals e.g. industrial substances such as polychlorinated biphenyls (PCBs); 
pesticides including dichlorodiphenyl- trichloroethane (DDT), pentachlorophenol 
(PCP), chlordane, azo dyes and toxaphene, and several unintentionally combustion 
by-products such as dioxins, furans and polycyclic aromatic hydrocarbons (PAHs); 
into the atmosphere, the hydrosphere and/or the soil environments (Gianfreda & 
Bollag, 2002). Systematically, organopollutants are mainly classified into aliphatic 
and aromatic hydrocarbons. Most of the focus has paid on the aromatic 
hydrocarbons due to the toxicity and persistency of many of them. Aromatic 
hydrocarbons can be further classified into halogenated aromatic hydrocarbons (e.g. 
PCP and PCBs), which are commonly used in pesticide, herbcides and electric 
equipment; PAHs (e.g. naphthalene, anthracene and benzo[a]pyrene), which are 
mainly generated by incomplete combustion of hydrocarbons; azo dyes (e.g. Congo 
Red and Orange II), which are widely used in textile industries; nitroaromatic 
hydrocarbons (e.g. 2,4,6-trinitrotoluene (TNT), which is used in making military 
explosive) and aromatic hydrocarbons (e.g. benzene and phthalic acid esters (PAEs), 
which are used as solvent and plasticizers respectively). 
A priority list of persistent organic pollutants has been established by USEPA (1992) 
based on their toxicity, mutagenicity, carcinogenicity, bioaccumulative potential and 
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persistency to physical，chemical or biological degradation (Gianfreda & Bollag, 
2002). Most of them are halogenated aromatic hydrocarbons and PAHs. 
Halogenated, especially the chlorinated aromatic hydrocarbons, are usually 
associated with high persistency, high chemical stability and high boiling points. 
As mentioned before many of them are used in pesticides, insecticides and herbicides 
like hexachlorobenzene, PCP, DDT/DDE, chlordane; or electrical and heat transfer 
equipment like PCBs. With the long half-life of these chemicals, these organic 
chemicals create a great burden to our environment and cause adverse effects to 
human health and the environment. As of today at least 75% of U. S. homes are 
now (permanently) contaminated with chlordane at significant levels (Tvedten, 2004). 
The U.S. National Research Council estimates that up to 20,000 Americans may die 
each year from cancer related to eating foods grown with pesticides and as many as 
50 million Americans drink pesticide-polluted water (Dunn, 1997; Callahan, 2000). 
Moreover, banned chlorofluorocarbons (CFCs) and industrial cleaning solvent 
trichloroethylene are well-known chemicals that slow down the regeneration of 
ozone and creating a stratospheric hole. 
PAHs are formed by incomplete combustion of hydrocarbons, and can be isolated 
from the processing of fossil fuels. Most of them do not have commercial usage, 
but they enter the air through emission, enter the soil and water systems through 
discharges and spillages during transport and disposal of fuel oils. With the long 
photo-oxidation half-life in the atmosphere, which is between 1704-132000 hours 
(Awata, 1998)，naphthalene accounted for about 2% of the total atmospheric 
emissions measured in Canada in 1991 (Awata, 1998). A total of 149,440 pounds 
of anthracene was released from total on- and off- site disposal or other releases in 
the United States in 2002 (USEPA, 2004). They would also tend to 
bioaccumulation in aquatic organisms due to their relative non-polarity. 
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A lot of attention has been put on DDT/DDE/DDD, dioxin，PCBs and PAHs. 
However, they are more readily to be biodegraded than PCP (Yuen, 2003). In terms 
of toxicity, PCP is as toxic as the others in the list. In terms of persistency, the 
half-life of PCP in the environment is more than 100 days (Larson et al., 1997) and is 
as persistent as some of the organopollutants in the priority list. Even PCP has been 
banned and restricted in its usage, it is reported that 30-40 tonnes were calculated to 
be transported by the Rhine each year ( W H O , 1998). Moreover, a total of 13,983 
pounds PCP was reported to be disposed or released on- and off- site in 2002 
(USEPA, 2004). A basal level of PCP can be detected in ambient air, even in 
national park ( W H O , 2003). W e are still exposed to PCP, and remediation is still 
necessary. Research and development is needed. 
1.2 Pentachlorophenol 
1.2.1 Application of pentachlorophenol 
Pentachlorophenol (penta or PCP), is a synthetic chlorinated organic pesticide, was 
first introduced for use as a wood preservative in 1936 by D o w Chemical Company 
and Monsanto Chemical Company (Fisher, 1991). There are two manufacturing 
processes used to produce PCP: (1) the direct chlorination of phenol, the Boehringer 
process; and (2) the alkaline hydrolysis of hexachlorobenzene, the D o w process. In 
Europe, both methods are of equal use; in the US, PCP is produced solely by the 
Boehringer process (Williams, 1982). PCP was once one of the most widely used 
chemicals due to its low cost and non-specific toxicity towards different organisms 
(Cauntu et al., 2000). It has been registered for use as an insecticide, herbicide, 
algicide fungicide, and molluscicide. Since 1987，U S Environmental Protection 
Agency (EPA) has restricted PCP in industrial wood preservative only (e.g. power 
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line poles, railroad ties and fence posts), wood preservatives, and other pesticides， 
containing PCP are no longer available for home and garden use (www.epa.gov). It 
was also banned in European Union (EU) (i.e., Austria, Belgium，Finland, Germany, 
the Netherlands, Sweden and the United Kingdom) m 1991 (Muir & Eduljee, 1999). 
As PCP is still allowed to be used in some industrial applications, 8.25 x lO'kg PCP 
was consumed m United States m 1996 as reported by Agency for Toxic Substances 
and Disease Registry (ATSDR) in 2001. 
1.2.2 Characteristics of P C P 
PCP IS a colorless crystalline solid with a phenolic odor (Hayes & Laws, 1991). 
Technical grade PCP contains from 4 to 12% tetrachlorophenols, which are toxic m 
their own. In addition, the high temperatures used m manufacturing PCP produce 
trace amount of several contaminants including hexachlorobenzene, dioxms and 
toans (USEPA’ 1984). The physiochemical properties of PCP are shown m Table 
1.1. The high boiling point and low vapor pressure limited the evaporation of it to 
the atmosphere so that PCP is not readily volatile. Its relatively low water solubility 
and high octanol/water partition coefficient support the fact that it is well dissolved 
inmost organic solvents instead of water. In the condition that PCP is a weak acid 
with pKa of 4.75, the degree of dissociation is pH-dependent. It exists entirely m 
protonated form when pH < 4.75, and therefore lipophilic. It dissociates into lomc 
form, phenolate ion (Equation 1.1) when pH is greater than 4.75. Thus at alkaline 
condition, PCP has a higher water solubility (Mmr & Edu^ee，1999; World Health 
Organization (WHO), 2003). At pH 9, PCP is fully ionized ( W H O , 2003). 
C6HCI5O — C6CI5O- + H+ Equation 1.1 
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1.2.3 Toxicity of P C P 
PCP can enter the body through inhalation, ingestion of contaminated food or water, 
and skin contact with treated wood (Fisher, 1991). PCP interferes the energy 
metabolism by uncoupling oxidative phosphorylation (Weinbach , 1954; Kozak et al., 
1979; Hayes & Laws, 1991; Muir & Eduljee, 1999). Uncoupling activity is achieved 
by altering the enzyme activities in glycolysis (e.g. ATPase) (Bolton & Ho，1997) 
and Calvin cycle (e.g. B-galactosidase) (Bostrom & Johansson, 1972; Jorens & 
Schepens, 1993; Muir & Eduljee, 1999) and altering the electrical conductivity of 
membranes by dissipating the proton gradient (McAllister et al., 1996). 
Consequently, it enhances the consumption rate of oxygen and stored lipids (Fisher, 
1991; Muir & Eduljee, 1999). Thus, heat production increased, but less energy is 
available for essential maintenance and growth in cell, and finally reduces the 
survivorship of target organisms (Fisher, 1991; Muir & Eduljee, 1999). 
All the following toxicological information and data are taken essentially from 
papers published by W H O (1987), International Agency for Research on Cancer 
(lARC) (1986, 1991), A T S D R (1994, 2001) and Hazardous Substances Data Bank 
(HSDB) (2000). 
PCP is not extensively metabolized; the principal elimination route of PCP is the 
urine ( W H O , 2003). The remaining small portion of PCP is then concentrated in 
liver, kidneys and brain. It is mainly metabolized through glucuronide conjugation 
and oxidative dechlorination in liver. In rodents, biochemical (alterations in hepatic 
enzyme activities), functional, gross (increased liver weight) and histopathological 
(hypertrophy, vacuolization, hyperplasia, fibrosis, necrosis and degeneration) effects 
on the liver have been shown for daily doses of 1-30 mg/kg over periods of 3-8 
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months (Johnson et al., 1973; Kimbrough & Linder, 1978). Moreover, it also 
causes hypothermia, reduction of the glutathion level in nerve tissue and 
demyelinization of the sciatic nerve. It was reported to cause birth defects and 
fetotoxic effect, leading to a reduction in the number of offspring, distorted sex ratios, 
increased incidences of resorbed embryos and reduced growth in test animals 
(USEPA, 1978; Hayes, 1982; Williams, 1982). 
Apart from systemic and reproduction and growth effects, respiratory, skin, renal and 
gastrointestinal effects are also being found (Fisher, 1991; Jorens, & Schepens，1993). 
Carcinogenicity is another important consideration. lARC (1991) has categorized 
PCP to group 2B (agents possibly carcinogenic to humans); and USEPA (IRIS 1993) 
has classified PCP as group B2 (substances probably carcinogenic to humans). 
Therefore, there are sufficient evidences that PCP is a potential carcinogen. 
1.2.4 Environmental exposure of PCP 
PCP is released to the environment as a result of manufacturing and processing 
facilities, incineration of chlorine-containing waste material, sawmills, municipal 
wastewater facilities, storage, transport or use of industrial wood preservative and 
accidental spillage (Pignatello et al., 1983; Heeb et al., 1995; W H O , 2003). It is a 
significant contaminant of soil, surface water, and groundwater especially around 
sawmills and wood preserving facilities. Its environmental fate is of great concern 
due to its high toxicity and recalcitrance in nature (Kishino & Kobayashi，1994; 
Jianlong et al” 2000). International standards have been set up accordingly as 
shown in Table 1.2. 
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Table 1.1 The physical and chemical properties of PCP 
Molecular weight 266.35 
Melting point fC) 190 
Boiling point (。C) 310 
Solubility in water 14 mg/L at 20 °C 
Log Kow 3.32 
Log Koc 4.5 
pKa 4.75 
Vapour pressure at 25 °C 0.00011 m m H g 
Henry's law constant at 25 °C 3.4 X 10-6 atm mVmol  
Abbreviations: K^w, log octano-water partition coefficient (Kow); Koc adsorption 
coefficient ； pKa, acid-base ionization constant; Henry's law constant, partial 
pressure/ concentration of gas. 
Table 1.2 The reference toxicological values for PCP 
Source Exposure route Uncertainty Reference value^ Year of 
factors used evaluation 
W H O Oral Provisional guideline for 1998 
drinking-water quality: 9 jig/L  
A T S D R Oral: acute 1000 M R L : 0.005 mg/kg per day 1994 
A T S D R Oral: subchronic 1000 M R L : 0.001 mg/kg per day 2001 
A T S D R Oral: chronic 1000 M R L : 0.001 mg/kg per day 2001 
USEPA Oral: chronic 100 RfD: 0.03 mg/kg per day 1999 
"USEPA Oral - ERU。： 1.2X10'^ mg/kg per day 1991 
"uSEPA Oral - ERUwater： 3X10'^ mg/L per day 1993 
a MRL 二 minimum risk level; RfD = reference dosage; ERU = excess unit risk 
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Based on mathematical modeling for partitioning of PCP in the environment, 96.5% 
of PCP is found in soil, 2.5% in water, 1% in air and less than 1% in suspended 
sediments and organisms in aquatic environments (Hattemer-Fret & Travis，1989). 
PCP has a tendency to adsorb to soil and sediment with Koc (organic carbon 
partitioning coefficient) of 3000 - 4000. Adsorption to soil and sediment seems to 
be pH dependent with stronger interaction under acidic conditions and easily desorbs 
from soil particles under alkaline conditions (Jacobsen et al., 1996; W H O , 2003 and 
Hansen et al, 2004). PCP can persist in the soil from 14 days to 5 years depending 
on the soil microbes present (USEPA, 1978). Increasing concentration tends to 
lengthen the process of biodegradation, probably owing to the possible toxicity of 
PCP for bacterial colonies. The half-life in soil is approximately 178 days (Larson 
etal., 1997). 
PCP enters surface water and groundwater from factories, wood treatment facilities 
and hazardous waste sites mainly by leaching ( W H O , 2003). For example, 3.6 m g 
PCP/L were detected in groundwater from a site of dip tank activities which use 
pentachlorophenol wood treatment solution (Oregon Department of Environmental 
Quality (DEQ), 1992). It has also been detected at low levels in rivers, streams, 
surface water systems and seawater (0.01-16 /xg/L) (Howard, 1997). Photolysis is 
the major degradation process for PCP in water. The photolysis is a significant 
process largely dependent on the pH. The ionized form is more sensitive to 
photodegradation than the non-ionized form. It is reported that 99% PCP present as 
its ionic form at pH 6.7 (Hu et al., 1998; Wang et al., 2000). Weiss (1982) showed 
90% degradation in 10 hours of PCP in surface water with a pH of 7.3，while at pH 3 
the degradation was only 40% after 90 hours. As the pHs in marine water and 
freshwater are around 7.6, PCP can be readily photodegraded but the rate depends on 
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the water turbidity and photo intensity. With the increase in water pollution, the 
water turbidity is not low in the environment and thus the half-life in water system is 
up to 200 days (Larson et al,, 1997). Moreover, some of the PCP are adsorbed to 
sediments and desoprtion undergoes as the concentration of PCP in the overlying 
water falls. Hence, sediment acts like a sink for historic PCP and can constitute a 
source of PCP pollution in the aquatic environment ( W H O , 2003). In addition, PCP 
can also be bioaccumulated. The bioconcentration of PCP in aquatic organisms is 
high through uptake from the surrounding PCP-contaminated water and 
biomagnified along the food chain ( W H O , 1987). Bioconcentration factors ranging 
from 100 to 1000 have been reported (Lu & Metcalf, 1975; W H O , 2003). The 
bioconcentration depends on the pH and increases with decreasing pH (Kobayashi & 
Kishino, 1980). 
A cumulative concentration estimation based on all emission sources had conducted 
by USEPA (1980). The atmospheric concentration of PCP was 0.5-136 ng/ml 
Atmospheric PCP released from treated wood is transformed via photolysis. The 
compound may slowly undergo free radical oxidation with an estimated half-life of 
approximately 2 months (ATSDR, 2001). The volatilization of PCP from treated 
wood increases with temperature. In general, the atmospheric half-lives are ranged 
from hours to weeks (WHO, 2003). 
1.3 Wastewater treatments of organopollutants 
The Persian Gulf oil spills in 1991 had resulted in 1 million tons of oil spilled along 
coastal area and significantly and immediately deteriorated the environment there. 
Moreover, chlorophenol used as a biocide has resulted in groundwater contamination. 
Pulp bleacheries discharge wastewaters into aquatic environments. With the 
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made at 1 hr. The gene expressions PPlac4 and PPlac7 were also 
independent of PCP. 
The effects of PCP, other nonphenolic organopoUutants [Di(2-ethylhexyl) phthalate; 
4,4,-dichlorodiphenyldicWoro- ethylene; Congo Red: naphthalene; phenanthrene; 
and benzo[a]pyrene], and nutnent substrates (straw and sawdust) on M n P and laccase 
gene expressions and enzyme activities were compared. The removal efficiencies 
of P. pulmonanus on these substrates were also studied. P. pulmonanus can 
effectively degrade these organopoUutants and lignocellulosic substrates. Both 
M n P and laccase genes are differentially regulated by these compounds and 
substrates. The transcnpt level ofPPM.Pi was only 讀 eased by PCP. Therefore 
the expression ofPPMnP5 should be PCP-specific. In the case oflaccase genes, 
PPlac4 and PPlac5 transcnpts were both constitutive and non-responsive to 
赚phenolic organopoUutants and nutnent stresses. The transection levels of 
PPlacl, PPlac2 and PPlac6 are enhanced by PCP and a broad spectrum of 
organopoUutants . For PPlacl and PPlac2, they can also be activated by 
Ugnocellulosic substrates. Among all the o rganopoUutants tested,哪c7 seems to 
respond specifically to benzo[a]pyrene. 
The full lengths of cDNAs o删nP5, PPlac2 and PPlac6 c D N A sequences were 
sequenced and completed using 3'- and 5'-RACE (GenBank accession number: 
A Y 8 3 6 6 7 4 , AY836675 and AY836676) . The complete c D N A sequences confirm 
the novelty of these genes. After deducing their co r responding ammo acid 
sequences, they were found to be typical M n P or laccase protems. This study 
demonstrates the specificity of the production and secretion of M n P and laccase from 
P. pulmonanus for the degradation of toxic PCP. Thus this study shows the potential 
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polychlorinated dibenzo-p-dioxin and dibenzofuran (PCDDs) and polychlorinated 
biphenols (PCBs)) in water (Legrini et al., 1993; Pignatello & Huang, 1993; Engwall, 
1999; Federal Remediation Technology Roundtable (FRTR), 2000). Hydroxyl 
radicals, which are generated in solution or on the surface of the photocatalyst, react 
non-selectively with organic compounds via H-abstraction and addition to C-C 
unsaturated bonds (Engwall et al., 1999). Photo-assisted Fenton (photo-Fenton) 
reaction belongs to A〇P，and the photo-Fenton reaction employs ferric ion (Fe^ )^, 
hydrogen peroxide (H2O2) and U V light. It has been shown effective in mineralizing 
a wide variety of organic pollutants in water including PCP (Pignatello, 1992; Sun & 
Pignatello, 1993; Pignatello and Sun, 1995; Sarazadeh-Amiri et al” 1996 and 
Engwall et al., 1999). Complete dechlorination of PCP has been reported to require 
only 10-20 min. Another popular practice and developing technology of A O P is 
photocatalytic oxidation (PCO). With the addition of a photocatalyst, which is a 
semiconductor oxide (usually titanium dioxide (Ti〇2)), P C O offers a superior 
degradation than using AOPs solely (Fong, 2001). TiO〗 is generally preferred 
because of its high level of photoconductivity, ready availability, low toxicity and 
low cost. Although a wide range of contaminants can be degraded within a short 
time, it is not cost-effective when dealing with low concentrations of contaminant 
and also with aqueous stream with low turbidity, which provides poor transmission 
of U V light (FRTR, 2000; Chan, 2002). Most organopollutants are lipophilic and 
sparingly soluble in water. Also such technology is handicapped when handling soil 
contaminants. 
1.3.3 Bioremediation 
Bioremediation is a process in which indigenous or inoculated biological systems (i.e. 
fungi, bacteria and other microbes) catalyze the degradation or transformation of 
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various toxic chemicals to less harmful forms (Alexander, 1994; Laine & togensen, 
1997). In comparison with the physical and chemical treatment, the cost 
effectiveness of bioremediation is higher, and it is more environmental friendly. 
The main advantage of bioremediation over other treatment is that instead of 
developing new technology for remediation, we use natural and environmental ways 
to removal organopollutants. Thus the application of bioremediation has received 
much attention in recent years (Wang et al., 2000; Reddy & Gold, 2000; McCarthy et 
al., 2001). An international journal Bioremediation regularly publishes research 
and development in this field, together with other journals in environmental 
technology and engineering. 
The general approaches to bioremediation are to enhance natural biodegradation by 
native organisms (intrinsic bioremediation), to carry out environmental modification 
by applying nutrients or aeration (biostimulation) or through addition of 
microorganisms (bioaugmentation). Enhanced bioremediation is the common in 
situ biological treatment approach. The rate of bioremediation of organic 
contaminants by microbes is enhanced by increasing the concentration of electron 
acceptors and nutrients in ground water, surface water, and leachate due to the 
favorable environment created for microbes to grow (FRTR, 2000). Oxygen is the 
main electron acceptor for aerobic bioremediation. Nitrate serves as an alternative 
electron acceptor under anoxic conditions. Monitored natural attenuation is another 
approach for in situ groundwater or leachate remediation. Natural subsurface 
processes, such as dilution, volatilization, biodegradation, adsorption, and chemical 
reactions with subsurface materials, are allowed to reduce contaminant 
concentrations to acceptable levels. However, it may be less effective for 
halogenated pesticide (FRTR, 2000). Moreover, bioreactors can be an option for ex 
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situ remediation of groundwater in which contaminants in extracted ground water are 
put into contact with microorganisms in attached or suspended growth biological 
reactors (FRTR, 2000). Successful pilot-scale field studies have been conducted on 
some halogenated compounds, such as PCP, chlorobenzene and dichloro-benzene 
isomers (FRTR, 2000). However, the major limitation of bioremediation is the 
comparatively longer time required for pollutant removals than chemical treatment. 
1.4 Biodegradation of P C P 
Bio degradation is the major mechanism involved in bioremediation. 
Biodegradation can be defined as the biologically catalyzed reduction in complexity 
of chemicals, which may even lead to the conversion of the compound to the 
inorganic element products (e.g. water, carbon dioxide) (mineralization) (Alexander, 
1994). PCP is on the U.S. and European Lists of Priority Pollutants for 
Remediation Treatment (Sittig, 1981; Semple et al., 2001) due to its high toxicity and 
persistency as described above. Moreover, international standards for daily uptake, 
PCP concentration in food, effluent discharge and remediation have been established 
and shown in Figure 1.2. Various bioremediation methods for the removal of PCP 
from aqueous phase are developed or under study. Degradation of PCP by a variety 
of organisms has been recorded with bacteria, and flingi are the most well studied. 
1.4.1 Biodegradation of PCP by bacteria 
Bacteria can utilize chlorophenols as a sole carbon and energy source, co-metabolite 
or secondary substrate (Adriaens, & Vogel, 1995). The degradation mechanisms 
and pathway for PCP are extensively studied (Haggblom et al., 1988; Premalatha & 
Rajakumar, 1994), and the degradation mechanism is mainly divided into aerobic 
and anaerobic chlorophenol degradation (Haggblom & Valo, 1995). In aerobic 
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chlorophenol degradation, PCP firstly undergoes initial hydroxylation catalyzed by 
phenol hydroxylase (4-monooxygenase) and converts to tetrachlorohydroquinone 
(TeCH) by most of the bacteria, such as Pseudomonas pickettii, Mycobacterium 
chlorophenolicum and Arthrobacter sp. strain A T C C 33790 (Haggblom & Valo, 
1995). It is further degraded by two different pathways, namely: 1) reductive 
dechlorination by TeCH reductive dehalogenase, which was reported in 
Flavobacterium sp. and coryneform bacterium strain KC-3 (Reiner et al., 1978; Xun 
et al., 1992); or 2) hydroxylation followed by 3 reductive dechlorination, which was 
reported in M. chlorophenolicum and M. fortuitum strain CG-2 (Apajalahti and 
Salkinoja-Salonen, 1987; Haggblom et al., 1989). The succeeding procedure was 
ring cleavage by the action of dioxygenase. 3-oxoadipate was finally generated and 
went into the T C A cycle for further degradation into CO2 and water. Another 
degradation mechanism of PCP has been found in M. chlorophenolicum which is the 
para hydroxylation. PCP was hydrolytically dechlorinated at the para position by 
cytochrome P-450 to produce TeCH (Uotila et al., 1992). 
1.4.2 Biodegradation of PCP by fungi 
It has been demonstrated that various fungi actively breakdown PCP in addition to 
biosorption, but they varied in terms of removal capacity and tolerance (McAllister et 
al., 1996; Chill et al., 1998). P. chrysosporium, a white-rote fungus, is extensively 
known to mineralize PCP (Mikeski et al., 1988). About 90% of 250 /xM PCP were 
removed from low nitrogen medium in 30 hours by P. chrososporium (Reddy & Gold, 
2000). According to the study in comparing the PCP removal capacities among 
various fungi (Chiu et al” 1998)，A. mella was the best PCP degrader (〜13 mg/g), but 
P. pulmonarius (10 mg/g) and G. lucidum (9.3 mg/g) closely followed; while 
Polyporus sp. showed the lowest degradation capacity (1.5 mg/g) but highest 
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biosorption capacity (31 mg/g). Even though P. chrysosporium is a fast grower, its 
PCP degradation efficiency and capacity were lower than those of P. pulmonarius. 
Both A. mella and G lucidum are good candidates for PCP removal, but they are 
plant pathogens. A. mella is even a slow grower, which greatly limits its potential 
application in bioremediation. On the other hand, R pulmonarius is a fast growing 
edible mushroom commonly cultivated in subtropical and tropical countries. It has 
a large potential in bioremediation. 
In fungal systems, dechlorination, 0-methylation and oxidation are involved in 
degrading PCP (McAllister et al., 1996; Reddy & Gold, 2000) catalyzed by the 
following enzymes: phenol oxidase including horseradish-like peroxidase (Tatsumi 
et al., 1996), lignin peroxidase (LiP, EC 1.11.1.14; Mester & Tien，2000; Reddy & 
Gold, 2000), manganese peroxidase (MnP, EC 1.11.1.13; Hofrichter et al, 1998); 
versatile peroxidase (VP, sharing LiP and M n P catalytic properties; Gomez-Toribio, 
et al., 2001) and laccase (benzenediol: oxygen oxidoreductase; EC 1.10.3.2; Unz & 
Bollag, 1996; Mayer & Staples，2002). LiP, M n P and laccase are the three major 
ligninolytic enzymes in fungal system especially white rot fungi. A variety of 
fungal ligninolytic systems have been described: 1) fungus possess all three enzymes 
(LiP, M n P and laccase), e.g. Armillaria mellea, Phanerochaete chrysosporium, 
Pleurotus ostreatus and Trametes versicolor (Pelaez et al., 1995; Curir et al., 1997; 
Schiitzendtibel et al,, 1999); 2) fungus produces M n P and laccase, e.g. Lentinula 
edodes and P. pulmonarius (Grabski et al., 1995; Camarero et al., 1996 and Martinez 
et al., 1996); 3) fungus produces LiP and M n P only, e.g. Ganoderma lucidum 
(D'Souza et al., 1996). 
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1.5 Ligninolytic enzyme 
Lignins are complex phenylpropane wood polymers, formed in plant cell walls via 
the coupling of p-hydroxycinnamyl alcohols. It is the second most abundant 
renewable organic compound in the biosphere after cellulose and make up a 
significant proportion of the biomass in terrestrial higher plants (Hammel, 1995; 
Giardina et al., 1999). They are amorphous, stereoirregular, water insoluble, 
nonhydrolyzable, and highly resistant to degradation by most organisms (Hammel, 
1995). White rot basidiomycetes, however, can rapidly degrade this complex 
structure using ligninolytic enzymes. They are extracellular enzymes secreted by 
the flingi initiating the non-specific, radical based one-electron oxidation of the 
lignin in the environment. The best characterized white rot fungal extracellullar 
ligninolytic enzymes are LiP, M n P and laccase (Master & Tien, 2000; Zheng & 
Obbard，2002). 
1.5.1 Lignin peroxidase 
Lignin peroxidase (LiP) is a water soluble, glycosylated heme-containing enzyme 
secreted by white rot fungi but not all, especially not by common edible mushroom P. 
pulmonarius and L. edodes (Camarero et al., 1996 and Martinez et al., 1996; Varela 
et al,, 2000). The prosthetic group ferric protoporphyrin IX，and Ca^^ is often 
present in the heme pocket for catalyzing reactions in the presence of hydrogen 
peroxide (Duran & Esposito, 2000). The molecular weight and isoelectric point 
range from 35-47 kDa and 2.8-3.4 respectively (Vares et al., 1995). LiP occurs as a 
series of isozymes encoded by a family of genes (Bogan et al., 1996). It can 
catalyze phenolic oxidation with redox potential of 1.5V (Harvey & Thurston，2001). 
LiP is unique in being able to react directly with aromatic substrates (even 
non-phenolic aromatic compounds such as veratryl alcohol (VA) or 
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1,4-dimethoxybenzene (DMB)) by abstracting single electrons from their aromatic 
rings, leading to the formation of a cation radical and subsequent steps (Hammel et 
al., 1986; Harvey & Thurston, 2001; Zheng & Obbard，2002). The reducing 
substrates for LiP are relatively unspecific (Martinez, 2002). Therefore, LiP can 
oxidize anthracene, benzo[a]pyrene, PCP, aromatic dyes and PCBs especially with 
the presence of the cosubstrate V A (Haemmerli et al., 1986; Paszczynski & Crawford， 
1991; Koduri & Tien, 1994，1995 and Chung and Aust，1995). 
The catalytic cycle of LiP is graphically presented in Figure 1.1. The native (ferric) 
enzyme is initially oxidized by hydrogen peroxide, generating a two-electron 
oxidation state of the enzyme (compound I). During the oxidation of the ferric 
enzyme by hydrogen peroxide, one electron is withdrawn from the Fe�.，and one 
from the porphyrin ring, generating Fe*. and porphyrin cation radical, respectively. 
Compound I then catalyzes one-electron oxidation of aromatic or alkyl compounds 
e.g. veratryl alcohol, to generate an aryl cation radical and itself is reduced to a 
one-electron oxidized Fe4+ intermediate (compound II). This one-electron 
oxidation is repeated again so that compound II is reduced back to normal state of 
LiP. The free radical generated in the cycle would further cleave bonds in the 




R.+H+ ^ ^ H ^ O . 
Ferric LiP 
/ \ / \ 
Fe4+=〇 ^ ^ ——I Fe4+=0.[P+.] 
CoiriTDound II ^ Compound I 
R.+H+ R H 
1-electron oxidized 2-electron oxidized 
Figure 1.1 The catalytic cycle of lignin peroxidase (LiP) (Have et al., 1997; 
Heinzkill & Messner, 1997; Galvez et al., 2000). RH, aromatic/ alkyl compounds, 
R., radical. 
R.+H+ _ 
^ ^ H,。， 
^ / y Feme MnP ‘ ， 
Mn'^ ；^^ ^^ ;；^ ^ ^ ^ ^ H，〇 
/ \ / \ 
Compound II . , Compound I 
M a M n 1-electron oxidized H 2-electron oxidized 
R.+H+ R H 
Figure 1.2 The catalytic cycle of manganese-dependent peroxidase (MnP) 
(Mester & Tien，2000; Hofhchter, 2002). RH, aromatic/ alkyl compounds; R•， 
radical. 
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1.5.2 Manganese peroxidase 
The production of M n P is apparently limited to certain basidiomycetous fungi and up 
until now, no bacterium, yeast or mold, and even mycorrhiza-forming basidiomycete 
has been reported to produce this enzyme (Caimey & Burke, 1998). M n P occurs as 
a series of isozymes encoded by a family of genes (Bogan et al., 1996). Similar to 
LiP, M n P is an extracellullar glycosylated heme enzyme that contains one iron 
protoporphyrin IX prosthetic group and two Ca atoms per molecule of protein. It 
can catalyze oxidation of organic substrates with redox potential less than 1.12V 
(Harvey & Thurston, 2001). Unlike other peroxidase, it is unique in preferring the 
reducing substrate to be complexed M n (II). This specificity relates not only to the 
redox potential that can be exploited by the oxidized protein and the influence of 
chelators, but also to the structural properties of MnP. In MnP, there is a unique 
binding site for complex M n (II) that involves the carboxylate side chains of three 
acidic amino acid residues (Harvey & Thurston，2001). 
The catalytic cycle of M n P is similar to LiP, but unique in preferring its reducing 
substrate to be complexed M n (II). It is demonstrated in Figure 1.2. The 
two-electron transfer of ferric M n P initiated by H2O2 yields the oxyferryl, porphyrin 
cation radical intermediate, compound 1. Afterwards, the dioxygen bond is 
heterolytically cleaved and one water molecule expelled. Subsequent reduction 
proceeds through M n P compound II (Fe'^ '^ -oxo-porphyrin complex). A 
monochelated Mn^^ ion acts as one-electron donor for compound I and is oxidized to 
Mn3+. The reduction of compound II proceeds in a similar way and another Mn^^ is 
formed from Mn〗.. Compound II is reduced back to the native ferric M n P with the 
release of the second water. While M n (II) and a variety of aromatic compounds 
such as ferrocyanide and phenolic compounds can act as electron donor and reduce 
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compound I to compound II, only M n (II) effectively reduces compound II to native 
enzyme (Gold et al., 2000; Hofrichter, 2002). If the hydrogen peroxide 
concentration is high, a reversible inactivation of the enzyme would occur by 
forming compound III’ a catalytically inactive oxidation state (Wariishi et aL, 1988). 
The Mn3+ formed is stabilized by organic acids such as oxalate, malonate and citrate 
and acts as a low-molecular mass, diffusible redox-mediator that attacks organic 
molecules non-speciflcally via hydrogen and one-electron abstraction (Gold et aL, 
1989; Kuan et aL, 1993; Hatakka, 2001). These organic acids are common 
secondary metabolites of wood-rotting basidiomycetes, secreted at the same time as 
M n P (Harvey & Thurston, 2001). 
Most MnPs follow this "classic" catalytic cycle, but there are also MnPs such as 
those from P. eryngii (Heinfling et al., 1998a), Bjerkandera sp. BOS55 (Mester & 
Field, 1998) and Bjerkandera adusta (Heinfling et al., 1998b) that oxidize phenolic 
and non-phenolic aromatic compounds, and thus can be treated as a hybrid forms of 
M n P and LiP. It can oxidize both Mn^^ and aromatic compounds. It has been 
called versatile peroxidase, and it is not yet clear how widespread they are. 
Recent studies have demonstrated that the presence of cosubstrates can increase the 
range of substrates that can be attacked by MnP. With the addition of glutathione 
(GSH), the thiyl radical formed by M n P of Nematoloma frowardii oxidized 
anthracene, pyrene, benzo[a]pyrene and phenanthrene (Sack et al., 1997). 
Alternatively, M n P oxidized non-phenolic lignin and phenanthrene in the presence of 
unsaturated lipids. Lipid peroxidation might be a possible reason to explain this in 
which Mn3+ creates lipid peroxyl and aloxyl radicals, which initiate degradation 
(Moen & Hammel, 1994). 
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1.5.3 Laccase 
Laccases，dioxygen oxidoreductase, are part of a larger group of enzymes termed the 
multicopper enzymes. They catalyzed cleavage of alkyl-phenyl, c^ rc召 bonds and 
phenolic lignin dimers, demethylation, polymerization and depolymerization with a 
reduction of molecular oxygen to water (Heinzkill & Messner, 1997; Litvintseva & 
Henson, 2002; Mayer & Staples, 2002). In comparison with the redox potential of 
MnPs which is about 1.12V, the redox potentials of laccases are lower in the range of 
0.5-0.8V (Mester & Tien, 2000). Laccases are more common than the other 
ligninolytic enzymes and much well studied. They are widely distributed in fungi 
and seem to be found in most fungi that have been studied. The occurrence of 
laccases in higher plants appears to be far more limited than in fungi. Phus 
vernicifera, Acer pseudoplatanus, Pinus taeda and entire family of the 
Anacardiaceae have been documented to produce laccases (Gregory & Bendall，1966; 
Tezuka et al., 1993; Huttermann et al., 2001). They are predominantly found in the 
xylem tissue or resin (Huttermann et al., 2001; Sato et al., 2001) and get involved in 
lignification of xylem tissues. On the other hand, in fungal system, besides their 
prominent role in delignification, fungal laccase participate in various physiological 
processes. Laccases have been repeatedly linked to fruiting body formation in 
ascomycetes (Hermann et al., 1983; Broxholme et al., 1991) and basidiomycetes 
(Wessels, 1993; Kties & Liu，2000). It is proposed that it mediates hyphal-hyphal 
aggregation by chemical cross-linking via oxidative polymerization of phenolic cell 
wall constituents (Broxholme et al., 1991). Besides, they take part in the synthesis 
of catechol- and napthalenediol-melanins and possibly in pigment production in 
mushroom tissues and basidiospores (Leatham & Stahmann, 1981). 
Laccase is a blue phenol oxidase with four copper atoms/molecule and two disulfide 
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bridges distributed in one mononuclear (Tl) and one trinuclear (T2/T3) domain. 
The kinetics of oxidation of substrate by laccase is demonstrated as a ping-pong di 
Teorell-Chance mechanism (Reinhammer and Malstrom, 1981; Messerschmidt, 1997) 
in Figure 1.3. It is characterized by a sequential entry of the reducing and oxidizing 
substrates and the immediate release of respective products. Laccase is being 
oxidized and reduced back to native state by oxidizing phenolic compound (e.g. 
catechol) to a phenoxyl radical intermediate. The Tl copper domain constitutes the 
primary electron acceptor from the reducing substrate (phenolic compound). 
Electrons are then transferred to the trinuclear cluster (T2/T3) composed of a binding 
site (T2) for one copper atom (type-2 Cu) and a binding site (T3) for two coupled 
copper atoms (type-3 CU). The trinuclear center, which is the dioxygen-binding 
site, accepts these electrons with the concomitant reduction of molecular oxygen to 
water (Ottenbein et al” 2000). The free radical generated in the cycle then 
undergoes further bond cleavage of the macromolecule. With this system, laccases 
are capable of oxidizing phenols (mono-, di- and polyphenols) by taking four 
n I 
electrons from the compound while the four Cu of its active center are reduced to 
Cii+. 
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V (y) ^ 一 
Non-phenolic W H Mediator A W 
Y Y 17 U Laccaseox \/V 邮 
cpdox e.g. ABTS ^ ^ 
Figure 1.3 The catalytic cycle of laccase (Heinzkill & Messner, 1997; Breen & 
Singleton, 1999; Galvez et al., 2000). 
Terminal 
Phenoxy radical i k Laccase r\ /l O2 electron 
(y) Y 一 
Phenolic compound 广入、 
\J\] Laccaseox y V H2O 
e.g. catechol 
Figure 1.4 The catalytic cycle of laccase in the presence of mediator (Heinzkill & 
Messner, 1997; Breen & Singleton，1999; Galvez et al,, 2000). 
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For those non-phenolic compounds with redox potential beyond that of laccase 
(0.8V), it cannot oxidize on its own and a cooxidant/mediator is required. Several 
studies have proved evidence that these mediators can allow laccase to oxidize 
compounds with redox potential beyond 0.8V (Majcherczyk et al., 1999; Pickard et 
al,, 1999). Similar to the above catalytic cycle of laccase, laccase is firstly being 
oxidized and the reduced back by oxidizing a substrate as in Figure 1.4. However, 
the substrate is the mediator this time, but not directly the non-phenolic compound. 
The possible mediators are 2,2'- azino-bis(3-ethylebenzo-thiazole-6-sulfonic acid) 
(ABTS), 1-hydroxy- benzotriazole (HBT) and 3-hydroxyanthranilate. The oxidized 
mediator then oxidizes the non-phenolic compound to generate a free radical. This 
active cation radical of the oxidized substrate would automatically decompose into 
simple products. If the cation radicals have long enough life-time, they may oxidize 
other electron-rich compounds e.g. synthetic dyes, and return to their normal states 
(Yii& Wong，1999). 
In most cases, the oxidation of the substrate by laccase finally leads to 
polymerization of the products through oxidative coupling. C-0 and C-C coupling 
of phenolic reactants and N-N and C-N coupling of aromatic amines reactions 
generate oxidative coupling products. This reaction is generally seen as a 
detoxification of phenolic contaminants (Hublik & Schinner，2000). Hydroxyl 
radical (.OH) would also be generated during the oxidation of hydroquinones by 
laccase. Among the radicals, hydroxyl radical is the strongest oxidant and a low 
molecular agent for initial attack of lignocellulose regardless of the fact that 
ligninolytic enzymes cannot penetrate through plant cell walls. Production of 
Fenton reagent (H2O2 and ferrous ion), leading to O H formation, was found in 
reaction mixtures containing laccase, lignin-derived hydroquinones and chelated 
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ferric ion (Guillen et al., 2000). Semiquinone produced by laccase reduces both 
ferric (Fe^^) and oxygen to ferrous ion (Fe^^) and superoxide anion radical (O2 —) 
respectively. In the absence of any compound reacting with superoxide anion 
radical, dismutation of superoxide anion radical provides H2O2 for hydroxyl radical 
generation. In brief, the equations summarize the reactions as follows (Guillen et 
al., 2000; Falcon et al., 2002): 
Fe2+ + H2O2 — Fe3+ + O H + OPT Equation 1.2 
O2 - + H2O2 -> O H + OH- 4- O2 Equation 1.3 
Equation 1.2 shows the Fenton reaction, while equation 1.3 demonstrates the 
superoxide-driven Fenton reaction. It was proven that H2O2 is the limiting reagent 
in these Fenton reactions. Therefore the addition of aryl alcohol oxidase (AAO) and 
4-methoxybenzyl alcohol (the natural HiOi-producing system) greatly increase O H 
generation (Guillen et al., 2000). 
This useful oxidative enzyme has caught the scientists and businessmen' eyes for its 
potential application in food processing and bleaching of Kraft pulp. Laccase is 
treated as an interesting tool for fruit browning, juices and wines processing, pulps 
delignification and fabrics decoloration (Schlosser & Hofer, 1999; Duran & Esposito， 
2000). 
1.5.4 Biodegradation of PCP and other organopollutants by ligninolytic 
enzymes 
This extracellullar, highly non-specific and oxidative mechanism can also be applied 
to the degradation of various organopollutants; and has been proved to be successful 
(Puhakka & Melin, 1996; Bajpai et al., 1999; Mester & Tien, 2000). Different 
fungal ligninolytic enzymes have been demonstrated to degrade chlorinated 
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compounds, even PCP (Bumpus et al, 1985; Valli & Gold, 1991; Master & Tien, 
2000; Mayer & Staples, 2002). Partus tigrinus and T. versicolor M n P and laccase 
were found to be responsible for the transformation of 2,4,6-trichlorophenol to 
2,6-dichloro-l ,4-hydroquinol and 2,6-dichloro-1,4-benzoquinone (Leontievsky et al., 
2000). LiP and M n P from P. chrysosporium have been shown to initiate oxidation 
of PCP to tetrachlorobenzoquinone (Mileski et al., 1988; Reddy & Gold, 2000). 
Laccase from T. versicolor has also been demonstrated to oxidize PCP to /?-chloranil 
and o-chloranil and further to benzoquinones (Ricotta et al., 1996). In addition to 
degrading phenolic compounds, ligninolytic enzymes can also degrade a wide 
spectrum of organopoUutants. LiP can degrade PAHs with redox potential not 
higher than 7.7 eV (Hammel, 1995). MnPs of Nematoloma frowardii and P. 
chrysosporium can oxidize PAHs with the presence of mediators which increase the 
oxidation ability (Hammel, 1995; Sack et al., 1997). Laccases from Coriolopsis 
gallica U A M H 8260 and T. versicolor oxidize PAHs (e.g. acenaphthene, anthracene, 
benzo[a]pyrene, phenanthrene) and the oxidation efficiency can be increased by the 
addition of 1 -hydroxybenzotriazole (HBT) (Majcherczyk et al., 1998; Pickard et al., 
1999). Azo dyes (e.g. Orange II, bromophenol blue and Reactive Red 198) can also 
be transformed by LiP, M n P or laccase (Cripps et al., 1990; Heinfling et al., 1998; 
Mayer & Staples, 2002). Nitroaromatic hydrocarbons such as 2,4,6-trinitrotoluene 
(TNT), 2,4-dinitrotoluene (DNT) can also be oxidized by ligninolytic enzymes 
(Hofrichter et al., 1998). All the above examples demonstrated the potential usage 
of ligninolytic enzymes for in vivo and in vitro removal of various organopoUutants. 
However, from the past study (Duran et al” 2002) that no ligninolytic enzyme 
production occurred when 3,4-dichlorophenol added at the same time of inoculation 
of P. chrysosporium, but there was enzyme production when 3,4-dichlorophenol 
added to pregrown cultures, induction was needed before the fungus was used to 
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treat pollutants. 
1.6 Structure and gene regulation 
As mentioned before, ligninolytic enzymes are secreted in multiple isoforms encoded 
by a family of genes. These isozymes share a general tertiary folding and helical 
topography. However they have high diversity in the rest of the protein structure 
even though there are highly conserved regions (Martinez, 2002; Mayer & Staple, 
2002). In the condition that one amino acid position change was able to change the 
oxidation potential of M n P already (Timofeevski et al., 2000), many studies have 
demonstrated that isozymes of a specific ligninolytic enzyme are differentially 
regulated under different environmental conditions (Bogan et al., 1996; Soden & 
Dobson, 2001) or during different stages of the flingal life cycle (Mansur et al., 1998; 
Chen et al., 2004). From the revision of the past studies in the induction or 
inhibition effect of various compounds on M n P and laccase gene transcription, 
scientists or researchers would usually select a specific incubation time for studying 
the effect. The induction time ranges from 2 hours to 4 days (Scheel et al., 2000; 
Soden & Dobson, 2001; Litvintseva & Henson, 2002; Chen et al., 2004). 
1.6.1 M n P gene and structure 
1.6.1.1 Structure of M n P 
M n P crystal structures and molecular models based on gene sequences have been 
published, e.g. forchrysosporium, C. subvermispora, P. eryngii (Gold et al., 2000; 
Martinez, 2002). The coding nucleotide sequence of M n P is usually in the range of 
1050-1150 bp. From the deduced amino acid sequences, many background 
information about M n P is obtained. Like all the other peroxidases, the molecular 
weights and isoelectric points of MnPs range from 45-55 kDa and 4.2-4.9 
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respectively, but the molecular weight of the purified form is around 45 kDa (Gold et 
al., 2000). Moreover, peroxidases are globular proteins formed by 11-12 
predominantly-Q： helices in two domains. The post-transcription modification of 
M n P can also be putatively identified, for example possible N-glycosylation sites, 
Mn2+ binding residues and Ca^ "^  binding residues are identified (Martinez, 2002). 
Further studying the crystal structure and 3-dimention structure of M n P allow 
researchers to more precisely characterize M n P and study the topology of M n P for its 
unique enzyme performance. M n P has five disulfide linkages, the first four of 
which are identical to those in other flingal peroxidase. The disulfide linkages of 
these four bridges locate at 1-3, 2-7, 4-5 and 6-8 (Gold et al, 2000). The fifth 
linkage, which is unique to MnP, is believed to have two main functions. One is to 
stabilize the enzyme's carboxy terminal tail, which is longer than that of LiP; and 
second is to participate in stabilization of the M n binding site (Gold et al., 2000; 
Hofrichter, 2002). 
Figure 1.5 shows a Phanerochaete chrysosporium M n P crystal structure. MnPl 
contains 1 minor and 10 major helices arranged in two approximately equal-sized 
domains, proximal histidine ligand (His) H-bonded to an aspartic acid residue (Asp) 
and a distal side peroxidase-binding pocket comprising catalytic His and arginine 
(Arg) residues, each containing one calcium atom. The two calcium ions maintain 
the structure of the active site. Moreover, the amino acid residues in the distal 
domain are involved in the heterolytic cleavage of peroxide and in heme stabilization. 
It has also been demonstrated that there is only one Mn^^-binding site in MnP, which 
consists of a heme propionate, 3 acidic ligands and two water molecules 
(Sundaramoorthy et al., 1997). It has been shown that all of the above mentioned 
residues are highly conserved among fungi (Maeda et al” 2001; Martinez, 2002). 
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Figure 1.5 A generalized molecular structure of manganese-dependent 
peroxidase (MnP). The crystal model is generated by NCBI Cn3D version 4.0 from 
Phanerochaete chrysosporium MnPl with GenBank accession number M60672. 
The locations of a heme group, C and N termini, two structural Ca ions and M n 
ion are shown in the model. 
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1.6.1.2 M n P gene regulation 
From the past extensive studies in M n P gene regulation, M n P is regulated at the 
transcriptional level by nutrients, manganese ions, oxidative stress and chemical 
stress, but the controlling mechanisms remain unclear. The promoter regions of P. 
chrysosporium and P. eryngii genes encoding peroxidase isozymes have been 
described (Gold & Alic, 1993; Alic et al, 1997; Camarero et al., 2000). Putative 
regulatory elements in these promoters include xenobiotic response elements (XRE), 
heat shock (HSE) and metal response elements (MRE) in M n P genes; M R E , HSE, 
activator protein 1 (API), activator protein 2 (AP2) and carbon repression element 
(CreA) binding signals in V P genes. The presence of putative regulatory elements 
has been reported also in the promoters of ligninolytic peroxidase genes from T. 
versicolor, P. ostreatus and P. subvermispora (Asada et al., 1995 and Johansson & 
Nyman, 1996; Martinez, 2002). However，Johansson and colleagues (2002) 
showed that even mnp2 of T. versicolor lacks upstream MREs, but addition of 
MnSCU to cultures increased mnp2 transcript levels by 250-fold. This is in contrast 
with the 8-fold increase of MRE-containing mnpl transcript level. Therefore, 
besides MREs, other factors are believed to be involved in the regulation. 
It has been reported that P. chrysosporium produces ligninolytic enzymes during the 
secondary metabolic stage of growth. Thus M n P gene transcription is affected by 
nutrient N (Pribnow et al., 1989). If nitrogen-depleted cultures, grown in the 
absence of Mn，were exposed to a 15-min heat shock at 45°C or exogenous H2O2, 
rapid appearance of mnp m R N A was observed (Brown et al., 1993; Li et al., 1995). 
Differential expression in response to Mn^^ has also been shown for the three genes 
encoding P. chrysosporium M n P (Gettemy et al., 1998). Aromatic compounds like 
ethanol, 2,5-xylidine and even organopollutant 2,4-dichlorophenol can increase the 
transcript level of M n P (Li et al., 1995; Maeda et al” 2001). 
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The situation is different in Pleurotus species since peptone has been reported to 
stimulate peroxidase levels (Martinez, 2002). In addition to N source, it has been 
shown that the levels of transcripts of P. eryngii V P are controlled by Mn^^ and 
oxidative stress (Ruiz-Duenas et al., 1999). Hydroxyl radical could be a stronger 
inducer than hydrogen peroxide. 
1.6.2 Laccase gene and structure 
1.6.2.1 Structure of laccase 
The multicopper laccases have been sequenced from various plant and fungal sources. 
The nucleotide sequence of laccase is usually in the range of 1500-1600 b.p. As 
laccase is secreted extracellularly, there is a signal peptide region before the mature 
protein (Chen et al., 2004). From the amino acid sequence, we can putatively 
identify the glycosylation site (Giardina et al., 1999) and also the one cysteine and 
ten histidine residues involved in binding the four copper atoms found in the majority 
of laccase molecules (Soden & Dobson, 2001; Chen et al” 2004; Hoegger et al, 
� 
2004). These residues are highly conserved in fungi and so is the small region 
around each of the four regions in which the copper ligands are clustered (Soden & 
Dobson, 2001; Hoegger et al., 2004). They act as the laccase signature sequences. 
Two histidines and one cysteine serve as ligands for type-1 copper at the T1 center 
resulting in a trigonal planar geometry; and eight histidines for binding of type-2 and 
type-3 copper at the T2/T3 cluster (Messerschmidt, 1997; Yaver et al., 1999; 
Hoegger et al., 2004). Among the four highly conserved regions, two are near the 
C O O H termini and the other two are near the N-terminal. They are summarized in 
Table 1.3 with the other highly conserved regions in fungal laccases. Laccase can 
be monomelic，dimeric, or tetrameric, with a molecular weight of 58-80 kDa and 
15-20% carbohydrate content. Acidic isoelectric point is usually found in laccase 
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(Thurston, 1994). The 3-dimension laccase structure allowed researchers to locate 
the conformation of copper-binding domains, to study the topology of laccase and to 
study structure and function relationship by site mutagenesis and a typical laccase 
structure is shown in Figure 1.6. 
1.6.2.2 Laccase gene regulation 
Laccase production in different white rot fungi is influenced by a number of 
environmental factors. As previously stated, almost all fungal species studied 
secrete more than one laccase isozyme and different patterns of isozymes are 
obtained according to the growth conditions used (Bollag & Leonowicz, 1984). 
M R E , H S E and X R E are identified and observed in the nontranscribed promoter 
regions of laccase genes (Giardina et al., 1999; Litvinsteva & Henson, 2002; Soden 
& Dobson, 2003; Chen et al., 2004). ACEl is a eukaryotic copper-responsive 
transcription factor that activates Cu-dependent transcription, and it is putatively 
identified in the upstream regulatory region of several fungal laccase genes 
(Litvinsteva & Henson，2002; Soden & Dobson, 2003). They are all believed to be 
involved in the regulation of laccase transcription. However, M R E s are putatively 
identified in both LACl and LAC2 laccase genes from G. graminis var. tritici, but the 
expression of LACl is independent of copper, while LAC2 transcription was 
increased at least 10-fold in the presence of 400 /xM CuSCU (Litvintseva & Henson， 
2002). This may suggest that the concrete role of M R E or other response element 
in initiating the transcription of laccase is still not clear and require additional 
investigation, but one thing is certain that they are involved in the regulation. 
Moreover, it is known that enhancer could be found within the open reading frame of 
a gene. Therefore, the differences in the structural gene may also play a role in 



















































































































































































































































































































































































































































































































































Figure 1.6 A generalized molecular structure of laccase. The crystal model is 
generated by NCBI Cn3D version 4.0 from Trametes versicolor L e d with E M B L 
Data Library accession number X84683. The grey-color balls represent structural 
Cu2+ ions. 
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In terms of metal ion induction, copper (II) ion is a strong and effective laccase 
inducer, and successful induction of laccase isozymes have been reported for P. 
ostreatus (Palmieri et al., 2000)，P. sajor-caju (Soden & Dobson，2001), G. graminis 
var. tritici (Litvinsteva & Henson, 2002) and T. pubescens (Galhaup et al., 2002). 
Besides, manganese can enhance the expression of genes encoding specific laccase 
isozymes in P. sajor-caju, Clitocybula dusenii bll and Nematoloma frowardii bl9 
(Scheel et al., 2000; Soden & Dobson，2001). 
Aromatic compounds have also been shown to differentially regulate the expression 
of laccase isozymes. Transcription of one laccase gene, led, from T. villosa was 
induced about 17-fold by the addition of 2,5-xylidine (XYL), but a second gene {lcc2) 
was constitutive under the condition tested (Yaver et al., 1996). The amount of 
laccase m R N A was a direct function of concentrations of H B T and XYL, but no 
induction was observed after the addition of 4-hydroxy-3-methoxycinnamic acid 
(ferulic acid; FA) and veratric acid (VA) (Collins & Dobson, 1997). Transcription 
of only one of two laccase genes in T. versicolor was induced by 2,5-dimethylaniline 
(Palmieri et al., 1997). Leonowicz and Trojanowski (1975) studied the effect of FA 
as an inducer of a specific laccase isoenzyme in P. ostreatus. X Y L , FA, V A and 
H B T all induced laccase activity in P. sajor-caju and transcription levels of two 
laccase genes were increased by FA and X Y L (Soden & Dobson, 2001). All the 
above examples support the hypothesis that isoforms of laccase have distinct role in 
physiology, and this may also be applied to laccase of other white rot fungi including 
P. pulmonarius. 
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1.7 Pleurotus pulmonarius 
P. chrysosporium is the most extensively studied fungus for its ligninolytic enzyme 
activities and gene expression regulation (Margaret et al., 1995; Gettemy et al, 1998; 
Martinez, 2002). It is a wood-decaying white rot fungus, which is fast growing. It 
is used in deligniflcation of lignocellulosic materials for use as feed, fibre, or further 
conversions. It is widely distributed in tropical countries. It is well-known for its 
ability to degrade a broad spectrum of organopollutants like PCP, PAHs and D D T 
(Reddy & Gold, 2000; Reddy & Mathew，2001). However, the optimal temperature 
for the growth of P. chrysosporium is 39°C, which is higher than the usual 
environmental temperature in contaminated soil or aquatic system. Thus its 
degradation performance will be lowered. Moreover, only LiP and M n P are 
produced by P. chrysosporium and only in secondary metabolism (i.e. nitrogen 
limiting condition). This largely limits its application in real sites. Its survival in soil 
especially contaminated soil is questioned. In comparison with P. chrysosporium, P. 
pulmonarius is also a fast growing white rot fungus. It is commonly cultivated in 
subtropical and tropical developing countries with well-established technology 
(Chang & Quimio, 1982). This fungus could also produce ligninolytic enzymes, 
which are M n P and laccase this time. Pleurotus spp. have shown to be able to 
degrade various xenobiotic compounds using ligninolytic enzymes and provided 
survival in soil system. The major differences between these two fungi are the 
optimal cultivation temperature, in which the optimum temperature for P. 
pulmonarius is 28°C and highly suitable to Hong Kong's climate; and the nutrient 
condition for ligninolytic enzyme production. P. pulmonarius can produce 
ligninolytic enzymes under both nutrient limiting and nutrient sufficient conditions 
(Chiu et aL, 1998). Therefore, in this study, P. pulmonarius will be selected as the 
target fungus. 
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1.8 Aims of study 
In this study, the optimal PCP concentration for the activation of M n P and laccase 
activities was investigated first by testing these two ligninolytic enzyme activities in 
a wide range of PCP concentrations at different time points. From that point, the 
correlation between PCP removal and ligninolytic enzyme activities can also be 
studied. The research focus will then move on from enzymatic level to molecular 
level. M n P and laccase genes from P. pulmonarius are to be isolated via cloning 
and dendrogram construction, and studied for their differential transcriptions under 
PCP regulation. Moreover, the specificity of M n P and laccase genes towards PCP, 
non-phenolic organopollutants and lignocellulosic substrates is evaluated. Different 
kinds of aromatic compounds are selected for comparison as shown in Figure 1.7. 
D D E represents chlorinated aromatic hydrocarbons; naphthalene, phenanthrene and 
benzo[a]pyrene of different benzene rings represent PAHs; while Congo Red 
represents azo dye and D E H P represents phthalic acid esters and relatively simple 
aromatic compounds. Two typical lignocellulosic substrates of fungi were chosen 
and they are straw and sawdust. Finally, the complete c D N A sequence(s) of the 
PCP-degradative and/or specific gene(s) were worked out, the amino acid sequences 
were deduced, and the putative protein stmcture(s) for its/their unique performance 
would be studied. 
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Figure 1.7 The chemical structures of some common persistent organic 
pollutants (POPs). 
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2 Materials & Methods 
Pleurotus pulmonarius strain PL-27 was provided by Prof S. W . Chiu and was kept 
in complete medium agar plates at 28°C in darkness. The medium composition is 
listed in Table 2.1. Agar was not added when a C M broth was used. However, 
during the optimization of PCP induction experiment, minimal medium was used 
instead and the composition details are listed in Table 2.2. 
2.1 Optimization of P C P induction in broth system 
P. pulmonarius was first inoculated into complete medium agar plate and allowed it 
to fully colonize the plate, which would take one week. Then the culture was 
subcultured into the complete medium for a week afterwards. After that, the 
mycelia were filtered using a nickel sieve (2 m m in diam) and blended with the 
addition of water in a ratio of 1:2 (w/w). 0.6 m L blended mycelia was added to 30 
m L minimal medium in a 50 m L conical flask and incubated at 28 士 2°C at 160 rpm. 
About 16 to 18 hr later, a working stock of PCP was diluted in a series of 
concentrations using HPLC-grade methanol so that the same volume of solvent 
(0.375 m L ) was applied to the system to make up 400, 600, 1000 and 2000 fiM 
PCP/g mycelia. Minimal medium ( M M ) acted as the control for medium with 
methanol only, while control ( M M plus methanol) was performed as the control for 
the addition of PCP to the system. In parallel, control without biomass was 
performed under the sample experimental conditions in order to determine the initial 
amount of PCP used and its stability. Samples were then collected at day 1 
(addition of PCP to the system), 3，5, 7 and 9. All experiments were done with 
three replicates. 
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Table 2.1 The composition of complete medium (CM) 
Component Concentration (g/L) 
MGS〇4.7H20 (UNIVAR) 0.5 
KH2PO4 (BDH) 0.46 
K2HPO4 (Riedel-de Haen®) 1 
Peptone (LabM) ^ 
Yeast Extract (LabM) 2 
Glucose (AnalaR®) ^^ 
Thiamin HCl (Sigma) 0.001 
Agar Bacteriological Grade (Diagnolab) ^^ 
Table 2.2 The composition of minimal medium ( M M ) 
Component Concentration (g/L) 
MGS04-7H20 (UNIVAR) 0-5 
KH2PO4 (BDH) 0.46 





Biomass was separated from the medium by filtering through a nickel sieve (2 m m in 
diameter). Total R N A s of the biomass were extracted for gene expression study. 
The dry weight and the biosorption ability of the biomass were studied. For the 
filtrate, protein and specific assays for measuring the ligninolytic enzyme activities 
were determined. Moreover, the PCP removal of P. pulmonarius at different time 
and under different PCP concentrations was examined. 
2.1.1 Specific enzyme assays 
2.1.1.1 Assay for laccase activity 
The reaction mixture contained 400 fiL of 2.5 m M ABTS, 500 fiL of 200 m M 
succinic-lactic acid buffer (pH 4.5) and 100 fiL of sample in a final volume of 1 mL. 
It was determined using A B T S as hydrogen donor, by the change in absorbance at 
420 n m at 25 °C in 3 min using an extinction coefficient of 36 m m o r M m ^ m " ^ (Zhao 
and Kwan, 1999). 
2.1.1.2 Assay for manganese peroxidase (MnP) activity 
One hundred /xL of 0.7 m M M B T H , 100 /xL of 0.9 m M D M A B , 100 /xL of 3 m M 
MnSCU，100 fiL of 0.5 m M H2O2, and 500 fiL of 200 m M succinic-lactic acid buffer 
with pH 4.5 and 100 /xL of sample were mixed in a 1 m L cuvette. H2O2 was added to 
initiate the reaction. It was determined by the change in absorbance at 590 nm at 
37。C in 3 min using an extinction coefficient of 53 mmor^dm^cm'^ The activity 
was measured at 37 at 590 nm for 5 min (Sheel et al., 2000). 
2.1.1.3 Assay for protein assay 
A series of 0, 0.2，0.4, 0.6，0.8 and 1.0 mg/mL protein standard solutions was 
prepared. 75 /xL of standard and sample were added to different 1.8 m L eppendorf 
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tubes，respectively. The pellets formed were dissolved in 750 fiL of Lowry reagent 
solution (Sigma) added. Then the solution was allowed to stand at room 
temperature for 20 min. Folin & Ciocalteu's Phenol Reagent Working Solution 
(375 fiL) (Sigma) were added to each tube and vortex afterwards. Colour of the 
solution was allowed to develop for 30 min. Then the solution was transferred to 1 
m L cuvette and the absorbance of the standards and sample tube against blank were 
measured at a wavelength of 750 nm in 30 min. The absorbance values of the 
standards were plotted against their corresponding protein concentrations and a 
calibration curve was constructed. The protein concentrations of the samples were 
calculated from the calibration curve according to their absorbance. 
2.1.2 P C P effect on biomass gain 
Biomass was collected and separated as mentioned in Section 2.1 to study the effect 
of different PCP concentrations on biomass gain along time. Samples were oven 
dried at 100°C until the dry weights became stable (usually two days). 
2.1.3 Extraction of PCP 
The amount of PCP remained in the medium after biosoiption and biodegradation 
was determined by extraction of PCP by selected extraction solvent and quantified by 
HPLC. Dichloromethane (10 mL) was added to 20 m L filtrate and shaken at 200 
rpm for 2 hr on platform shaker for extraction. After the first extraction, it was 
repeated with another 10 m L solvent for another 2 hr. The solvent was poured in a 
50 m L round bottle flask and then concentrated and evaporated at 60°C in a rotary 
evaporator with a vaccum pump. Methanol (1 mL, HPLC grade, Acros, USA) was 
used to redissolve the crystal after evaporation. The methanol was filtered by a 
0.45 /xm filter (Acrodisc syringe filters 4CR PTFE). The filtered sample was stored 
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in a H P L C vial tube at -20。C for reverse-phase high performance liquid 
chromatography (HPLC) quantification and gas chromatography mass spectrometry 
(GC-MS) analysis of its breakdown product(s). The same extraction method was 
also applied to biosorption analysis, but instead of filtrate, all the biomass was used. 
2.1.3.1 Preparation of PCP stock solution 
A PCP stock solution (1000 mg/L) was prepared by dissolving 0.1 g PCP (Sigma, 
practical grade) into 100 m L methanol (Acros, USA, HPLC grade). The stock 
solution was kept in darkness at —20。C for later experiments. 
2.1.3.2 Extraction efficiency of PCP 
Extraction efficiency (EE) could be calculated by the following equation 
E E (%) = (Ae/Ai) X 1 0 0 % (2.1) 
Where EE is the percentage of PCP extracted from the filtrate, Ae is the amount of 
PCP (mg) remained in the filtrate and A】 is the amount of PCP (mg) added into the 
broth. The extraction efficiency for PCP was 94.3% ± 3.4%. 
2.1.3.3 Quantification of PCP by H P L C 
The residual PCP in the filtrate or the PCP adsorbed on the biomass was determined 
by reverse-phase high performance liquid chromatography (HPLC) with a 
Symmetry™ cl8 (5 jim particle) column (4.6min x 250mm) (Okeke et al., 1993). 
Isocratic elution was run by acetonitrile: water: acetic acid (75: 24.875: 0.125; by 
volume) at 1 m L min"^ using an HPLC system (Aiken & Logan, 1996; Chiu et al., 
1998) which comprised a photodiode array detector (Waters 996) and separation 
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module (Waters 2695). The maximum absorption wavelength of PCP was found to 
be 215 nm. A series of PCP standards was prepared from 1.0 to 100 mg/L to 
construct a standard curve for quantification. 
Residual PCP concentration in the filtrate and PCP adsorbed on the biomass were 
deduced using the standard curve and were then expressed into removal efficiency 
(RE) by Equation 2.2 (Brandt et al., 1997; Chiu et al., 1998; Law, 2001; Chan, 
2002). 
R E (%) = (amount of PCP removed / corrected initial amount of PCP added) x 100% 
(2.2) 
2.1.3.4 Study of P C P degradation pathway using G C - M S 
Sample preparation was according to Section 2.1.2. Identification of the 
degradation products was analyzed by GC-MS consisting of an Hewlett Packard (HP) 
7673 automatic injector into a H P 6890 series gas chromatograph (Atlanta, GA) 
connected to a model 5973 mass selective detector at 62.5 kN m'\ A HP-5 M S 
column of 5 % phenyl methyl silicone (0.25 m m x 30 m x 25 /xm film thickness) was 
used. The mass spectra of eluted peaks were matched with those in the libraries 
(NIST 98.1 & Pesticide. L) for putative identification. The carrier gas was helium at 
flow rate 50 m L min\ G C operating conditions and temperature profile for PCP 
used are shown in Tables 2.3 & 2.4. 
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Table 2.3 The operating conditions for gas chromatography analysis of PCP (Abbas 
&Hayton, 1996) 
G C operating 
Parameters 
conditions ~ 
== ._ •• - ~ .•_!-•! .f- ... • • • - • 
Oven temperature 70°C 
Oven equilibrium time 0.5 min 
Injector temperature 200 °C 
Interface temperature 300 °C 
Sampling time 2 min 
Split mode Splitless 
Split ratio 30 
Column pressure 94.9 kPa 
Column flow 1.5 mL/min 
Linear velocity 44.4 mL/min 
Solvent cut 6 min 
Table 2.4 The temperature profile for gas chromatography analysis of PCP 
Rate (°C/min) Temperature (。C) Time (min) 
- 70 1 
15 200 8 
15 250 3 
Total run time 24 min 
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2.2 Isolation of laccase and manganese peroxidase coding genes 
The fungus was incubated in minimal medium as mentioned in Section 2.1 for 4 days 
for laccase and M n P genes isolation. The mycelia were filtered and stored at -80°C 
immediately for later preparation of total RNAs. In order to further increase the 
pool for laccase gene, dendrograms was constructed by incorporating the laccase 
genes available on the GenBank into the cloned laccase genes. Specific primers 
were then designed for each specific clades. The same approach was applied to 
M n P genes also. 
2.2.1 Preparation of ribonudease free reagents and apparatus 
General laboratory glassware was treated by baking at ISC'C overnight. Those 
reagents and apparatus which were not resistant to baking were treated with diethyl 
pyrocarbonate (DEPC, 0.1% v/v). All solutions were treated with 0.1% DEPC 
overnight and then autoclaved at 120°C for 20 min at 1 psi. 
2.2.2 Isolation o f R N A 
The total R N A in tissue was isolated using TriPure Isolation Reagent (Roche). The 
following procedure was based on the instruction manual provided by the supplier. 
About 0.1 g of mycelia was homogenized at room temperature with 1 m L TriPure 
Isolation Reagent. Chloroform (200 /xl) was added into the homogenized tissue. 
The mixture was shaken vigorously for 10 sec and stayed at room temperature for 2 
min before putting on ice. The mixture was centrifiiged at 12,000 x g for 15 min at 
4°C. The supernatant was transferred into a fresh microcentrifuge tube immediately. 
The R N A was precipitated with 500 FIL of isopropanoL The precipitated total R N A 
was collected by centrifugation at 12,000 x g for 10 min at 4。C. The R N A pellet was 
washed with 1 ml 70% ethanol. The ethanol was removed by centrifugation at 
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12,000 X g for 10 min at r C afterwards. The total R N A pellet was dried in a D N A 
Speed Vac (Eppendrof) for 2 min and then dissolved in 50 /iL of D E P C water. The 
yield and purity of R N A were determined by spectrophotometry (Section 2.2.3). 
2.2.3 Quantification of total R N A 
The concentration and purity of R N A can be determined by measuring the 
absorbance at 260 run (A260) and 280 n m (A280) in a spectrophotometer. An 
absorbance of 1 unit at 260 nm corresponds to 40 /xg/mL. This relationship is valid 
for measurement in water. The ratio between the absorbance values at 260 nm and 
280 n m gives an estimate of R N A purity. Pure R N A has an A260 丨 A280 ratio of 1.5-
2.0 in water. 
2.2.4 First strand c D N A synthesis 
The following procedure is based on the instruction manual provided by the supplier. 
Either total R N A or m R N A was converted into first strand c D N A by Moloney 
murine leukemia virus (M-MLV) reverse transcriptase (RT) (Invitrogen). Total 
R N A (1 jLtg) was mixed with 1 /JLL of oligo(dT)i2-i8 (10 /JLM), 10 m M deoxynucleotide 
triphosphates (dNTPs) mix and RNase - free water was added to a volume of 10 /xL. 
The mixture was heated at 70°C for 10 min and was quickly ice chilled. 5X First 
Strand Buffer (4 ^ L), 2 /xL of 0.1 M dithiothreitol (DTT), and 1 fiL of RNaseOUT 
recombinant RNase inhibitor were added to the solution mixture. The contents were 
mixed gently and incubated at 42°C for 2 min. Then 1 fiL (200 units) M - M L V RT 
was added to the reaction mixture and incubated at 37°C for 50 hr. Finally, the 
reaction was stopped at 70°C for 15 min. After all, the RT products were cooled at 
4。C，aliquoted into smaller portions and stored at -20''C until P G R processes. 
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2.2.5 Polymerase Chain Reaction (PGR) 
In order to design degenerate primer sets for P G R cloning, the sequences of the 
primers should be common within the region to be amplified. The primer set (lacN 
and LacC) for laccase gene was based on the highly conserved (HWHGL/FF) and 
4th (HCHEDL/F) copper-binding domain. For MiiP, the primer set (MnPF and 
M n P B ) was based on the alignment of M n P gene sequences of Pleurotus sp. on 
GenBank (AF007222, AB016519, AF175710) by ClustalW 1.82 (European 
Bioinformatics Institute, www.ebi.ac.hk/clustalw). Self-homology of the primer 
should be avoided to prevent hairpin formation, G/C ratio should be 45%-55%, and 
the primer length should be around 18 to 25 bases. The conditions for P G R 
(annealing temperatures, initial amount of RT products and the cycle numbers for 
each primer set) were optimized. The details of the P G R reaction mixture (primers, 
size, annealing temperature and cycle number) used in present study are summarized 
in Table 2.5. 
The P G R reaction mixture consisted IX Reaction Buffer VI，2.5 m M MgCli, 0.2 m M 
dNTPs, 10 /xM of each primers, 2U Thermoprime Plus Taq D N A polymerase (AB 
gene) and about 50 ng cDNA. Details for the P G R mixture and thermal cycling 
parameters are tabulated in Table 2.6. Amplification was performed in a PTC-100 
Programmable Thermal Controller (MJ Research Inc., USA). 
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Table 2.5 A summary of sense (S) and anti-sense (AS) degenerate primers sequences, 
amplicon size, annealing temperature and cycle number used in this study 
Name Sequences (5’-3，） Size of Annealing No. of 
amplicon temperature cycle 
(bp) (oQ 
LacN S: CRY TGG CAY GGN TTY TTY CA I O q q 5g 32 
LacC AS: TGR AAR TCD ATR TGR CAR TG 
MnPF S: GGT GCC SAY TGT GGW GAA GAG GT 別 ^^ 33 
MnPB AS: GTY TCS AWG AAG AAT TGA GA 
Table 2.6 Conditions for PGR 
P G R Mixture Thermal cycling parameters —• • • - • • • - • • • - — ‘ • ‘  
lOX Reaction Buffer VI 2.0 /xL Step 1 94°C 5 min 
25m MgCl2 2.0 /xL Step 2 95°C 1 min 
2.5 m M dNTPs 1.6 /xL Step 3 58。C 1 min 
Ultra Pure Water 12.5 fiL Step 4 72°C 2 min 
Forward primer 0.4 /xL Steps 2-4 were repeated for 32-35 
times 
Backward primer 0.4 fiL Step 5 72°C 10 min 
Taq D N A polymerase (AB gene) 0.1 /xL Step 6 4°C indefinite 
D N A Template 1.0/xL 
Total Volume 20 /xL 
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2.2.6 Gel electrophoresis 
Two percent agarose gel (0.8 g of agarose (Agarose, Invitrogen)) dissolved in 40 m L 
of Ix TBE buffer was set. One [xL loading buffer (30% Glycerol, 0.25% 
Bromophenol Blue, 0.25% Xylene Cyanole) was mixed with 3 /xL of each D N A 
sample. In parallel, D N A ladder was mixed with 1 fiL loading buffer together with 
4 /xL deionized water. The marker used was GeneRuler™ 100 bp D N A Ladder Plus, 
ready-to-use (MBI Fermentas). Samples were loaded into wells of the solidified gel. 
A voltage of lOOV was applied. When the bromophenol blue as a tracing dye has 
migrated to 1-2 cm behind the front of the gel, electrophoresis was stopped. 
Afterwards, D N A was visualized using ethidium bromide staining. Gel image was 
captured using a gel documentation system (BIORAD Gel Doc 1000). The band of 
the correct size, as determined by comparison with 100 bp D N A marker was cut from 
the gel and purified by a G E N E C L E A N ® SPIN Kit (Qbiogene, Canada). 
2.2.7 Purification of P C R products 
The specific D N A band was excised from the ethidium bromide-stained agarose gel 
using a razor blade under minimal 310 nm U V exposure to avoid nicking of D N A . 
A maximum of 300 m g agarose gel or 5 /xg D N A was added to a spin filter with 400 
ML G L A S S M I L K inside. The spin filter was then heated at 55°C for 5 min and 
inverted every minute in order to elute out the D N A from the agarose gel and prevent 
the binding of D N A with the filter instead of the proprietary silica matrix and 
chaotropic binding salt. It was then centrifuged at 14000 rpm for 1 min to remove 
contaminants. N E W Wash (500 FIL) was added to the filter to further remove 
remaining contaminants. It was then centrifuged for another 30 sec. The 
flow-through was discarded and spun for 2 min more to dry the pellet. The filter 
was then transferred to a fresh Catch tube. Elution solution (10 /xL) was added to 
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the filter afterwards and the tube was gently shaken. It was spun for 30 sec to elute 
out the D N A from the filter and another 5 /xL elution solution was added to improve 
the recovery. It was spun down for 30 sec again. The filter was then discarded 
and D N A was purified. 
2.2.8 Preparation of Escherichia coli competent cells 
A laboratory stock of Escherichia coli (E. coli) X L 1 Blue was streaked directly from 
frozen stock onto the surface of a LB (Luria-Bertani) agar plate (5% sodium chloride, 
5 % tryptone, 10% yeast extract) and incubated overnight at 37。C. A single colony 
was transferred to 5 m L LB medium and incubated at 3 T C for 2 hr. This culture 
was then further enriched by inoculating into 100 m L LB medium. The cells were 
grown at 3TC until ODeoo reached 0.4 - 0.5. The culture was chilled on ice for 150 
min. The cells were harvested by centrifligation at 1000 x g for 15 min at 4°C. 
The pellet was resuspended in 37 m L RFl (Potassium acetate 30 m M ; calcium 
chloride 10 m M ; manganese chloride 10 m M and 15% glycerol) and kept on ice for 
15 min. The cells were centrifuged again at 1000 x g for 15 min at 4°C. The cell 
pellet was resuspended by 8 m L RF2 (MOPS pH 6.5 10 m M ; calcium chloride 75 
m M ; 15% glycerol) and kept on ice for 15 min. The competent cell suspension was 
dispensed into aliquots of 100 FIL each and frozen in liquid nitrogen. The 
competent cells were stored at -70°C before use. 
2.2.9 Ligation and E. coli transformation 
A ligation mixture was firstly prepared. One /iL (50 ng) pGEM-T Easy Vector 
(Promega) was added to 5 /xL 2X Rapid Ligation Buffer, T4 D N A Ligase together 
with 25 ng (1-3 /xL) purified PGR product and 1 /xL T4 D N A Ligase (3 Weiss 
units/jitL). The ligation mixture was incubated overnight at 4°C, which produced 
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the maximum number of transformants. Five /xL ligation mixture was applied into a 
1.5 m L Eppendorf tube which contained 100 /xL competent cells and mixed gently by 
tapping the tube. It was then left on ice for 10 - 30 min. Afterwards, it was heated 
at 42。C for 2 min sharp. It was then left on ice for 5 min. LB medium with 
ampicillin was added aseptically and incubated at 37。C with shaking for 30 min. 
5-bromo-4-chloro-3-indolyl b-d-galactopyrano-side (X-Gal) (20 mg//xL) (50 /xL) and 
50 fiL isopropyl b-D-thiogalactopyranoside (IPTG) (20 m M ) were spread on LB 
plate with ampicillin. The Eppendorf tube was spun down for 2 min at 4000 rpm. 
Supernatant (500 iiL) was discarded aseptically and the pellet was re-suspended in 
the remaining 100 JIL medium. The cell suspension was plated on the LB plate 
with ampicillin/IPTG/X-gal and incubated at 37。C for 12-16 hr. 
2.2.10 P G R screening oiE. coli transformation 
White colonies were randomly selected and the sizes of inserts were determined by 
P G R using T7 and SP6 primers which flank the multiple cloning site of the pGEM-T 
Easy Vector with 141 bp. Bacterial colonies were picked, streaked on LB plate with 
ampicillin and then placed into a P G R reaction mix with compositions similar to that 
stated in Table 2.6. The P G R reaction was performed with denaturation at 95®C for 
1 min and followed with 35 cycles of 94。C, 1 min; 50。C, 1 min; and 72T, 2 min. 
After gel electrophoresis, colonies carrying recombinant plasmids with insert size 
greater than 0.5 kb were selected for purification of plasmids. 
2.2.11 Isolation of recombinant plasmid 
This method is based on the protocol suggested by the supplier (Qiagen). Two m L 
of overnight cell culture were collected by centrifugation for 30 sec. All the 
supernatant was removed by pipetting. The cell pellet was resuspended by 250 /xL 
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of the Cell Suspension solution. Afterwards, 250 /xL of the Cell Lysis solution were 
added and mixed gently by inverting 5 times. Neutralization Solution (350 /xL) was 
added after 5 min and gently mixed by inverting 5 times. The cell debris was 
removed by centrifugation at 13500 rpm for 10 min. The cleared lysate was saved 
into a spin column. The plasmid was trapped in the Spin column by centrifugation 
for 1 min. Seven hundred /xL of Wash Buffer were added and the mixture was 
centrifliged for another 1 min. Finally the plasmid D N A was eluted by 50 /xL of 
sterile water (with 65。C) and stored at -20。C until use. Plasmid quantity and quality 
were checked by gel electrophoresis and the concentration of the plasmid D N A was 
estimated by comparing the band intensity to that of the D N A marker. Plasmid was 
stored at -20''C until use. 
The purified plasmid D N A was digested with EcoRl (Promega). One microliter 
D N A (0.2-1/xg) was mixed with 2 /xL of Buffer H and 2 /xL of acetylated BSA. 
Then 1 fxL of EcoRl was added and the final volume was made up to 20 fxL by sterile, 
nuclease-free water. The reaction mixture was mixed gently by pipetting. The 
reaction mix was incubated at 3TC for 3 hr. The restriction enzyme digested D N A 
was stored at -20°C before the confirmation of the size of insert by gel 
electrophoresis. 
2.2.12 Sequence analysis 
The following method is based on the protocol suggested by the supplier 
(Perkin-Elmer). Before performing sequencing, the following mixture contained 
30-90 ng plasmid D N A as template, 1.6 pmole of upstream primer, 4 [iL of 
deRhodamine Terminator Ready Reaction Mix (Perkin-Elmer) and PCR-grade H2O 
to 10 ixL. It was amplified in a PTC 100 Programmable Thermal Controller (MJ 
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Research Inc.，USA) for 25 cycles under the cycling conditions: 96°C for 10 sec 
followed by 50°C for 5 sec and 60°C for 4 min. Then the reaction product was 
chilled on ice. 95% ethanol (1 m L ) was added to 40 /xL NaOAc. The ethanol 
mixture was vortex mixed and stored in -20°C. Each cycle sequencing products 
was pipetted to 26 /xL ethanol mixture. It was then incubated in ice for 15 min for 
precipitation. After incubation, it was spun down for 25 min at 14000 x g with 
supernatant discarded afterwards. It was washed with 200 fiL 70% ethanol and then 
spun down for 20 min at 14000 x g. The supernatant was discarded and the product 
was vacuum dried for 5 min. Hi-Dye (12 /xL) was added to each tube and mixed 
thoroughly. The reaction mixture was denatured at 95°C for 2 min. The tube was 
placed in ice bath immediately for 5 min to prevent fusion of D N A strands. The 
content was analyzed using an automated D N A sequencer (Advanced A B B 100 
Genetic Analyzer, Perkin-Elmer, CA, USA). The sequencing data obtained were 
submitted to the B L A S T Sequence Similarity Search (NCBI, National Centre for 
Biotechnology Information; http://www.ncbi.nlm.nih.gov.BLAST). In all cases, the 
authenticity of sequences of genes in present study was confirmed. 
2.2.13 Construction of dendrogram for Pleurotus sp. laccase and manganese 
peroxidase dendrogram 
In order to further increase the pools for laccase and manganese peroxidase genes, 
dendrograms were constructed by incorporating the nucleotide sequences available 
on the GenBank into the cloned laccase and manganese peroxidase genes 
respectively. Specific primers were then designed for all the clades for fishing out 
clade-specific genes. These genes can then be used for studying differential gene 
expressions under the PCP stress and comparison across different organopollutants. 
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2.2.13.1 Dendrogram of laccase genes 
A dendrogram was constructed based on the alignment of laccase genes of P. 
cornucopiae, P. ostreatus and P. sajor-caju available on GenBank (Figure 2.1). The 
GenBank accession numbers (cDNA sequences) of these genes are PSlacl, 
AJ507324; PSlac2, AJ507325; PSlac3, AJ507326; PSlac4, AJ507327; PSlac5, 
AJ507328; UKPSlacl, AF297528; UKPSlac2, AF297527; UKPSlac3, AF297526; 
UKPSlac4, AF297525; PODOpoxl, Z34847; PODOpox2, Z34848; P〇lacpox2， 
Z49075; POlaclccK, AB089612; POlac, AY450404 and POlacpoxAlb, AJ006018. 
2.2.13.2 Dendrogram of manganese genes 
A dendrogram was constructed based on the alignment of manganese peroxidase 
genes of P. eryngii and P. ostreatus available on GenBank (Figure 2.2). The 
GenBank numbers (cDNA sequences) of these genes are PEMnPl, AF175710; 
PEMnP2, AF007222; POMnP, U21879; P0MnP2, AF326204; P0MnP3, AB011546 
and P0MnP4, AF326203. 
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Figure 2.1 A dendogram of the nucleotide sequences of genus Pleurotus 
lac case-coding genes. The phylo genetic tree was built from unweighted pair group 
method with arithmetic mean (UPGMA) clustering using M E G A 2.1. 
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Figure 2.2 A dendogram of the nucleotide sequences of genus Pleurotus 
manganese-dependent peroxidase-coding genes. The phylogenetic tree was built 
from unweighted pair group method with arithmetic mean (UPGMA) clustering 
using M E G A 2.1. 
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2.3 Differential regulation profiles of laccase and manganese peroxidase genes 
2.3.1 Time course of the effects of P C P on levels of laccase and manganese 
peroxidase m R N A s 
2.3.1.1 Isolation o f R N A 
P- pulmonarius was first incubated in the same manner as mentioned in Section 2.1. 
After that, the mycelia were filtered using a nickel sieve (2 m m in diam) and blended 
with the addition of water in a ratio of 1:2 (w/w). Blended mycelia (5 mL) were 
added to 250 m L minimal medium in a 500 m L conical flask and incubated at 28 士 
2®C at 160 rpm. About 16 to 18 hr, 3.125 m L optimal inductive PCP concentration 
were applied to the system. Minimal medium ( M M ) acted as the control for 
medium with methanol only, while control ( M M plus methanol) was performed as 
the control for the addition of PCP to the system. In parallel, control without 
biomass was performed under the sample experimental conditions in order to 
determine the initial amount of PCP used and its stability. Samples were then 
collected at time 0 (addition of PCP to the system), 4，8, 12, 24, 48 and 96 hr. All 
experiments were done with three replicates. Biomass was separated from the 
medium by filtering through a nickel sieve (2 m m in diameter). Total RNAs of the 
biomass were isolated for m R N A gene expression study as mentioned in Section 
2.2.2-2.2.3. 
2.3.1.2 RT-PCR 
After the isolation of R N A , a two step RT-PCR was performed using method stated 
in Sections 2.2.4 - 2.2.5. The conditions for P G R (annealing temperatures, initial 
amount of RT products and the cycle numbers for each primer set) were optimized. 
The cycle number that lies in the linear range was used to analyse the expression of 
genes and is shown in Figure 2.3. R N A isolated was originated from fungus in M M 
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medium. This medium was chosen because this is the basal medium and also the 
medium for isolating clones, so that all the potential laccases and manganese 
peroxidase genes should express. The details are summarized in Table 2.7. 
P C R products were separated by electrophoresis in 2 % agarose gel and stained with 
ethidium bromide and visualized under U V light as mentioned in Section 2.2.6. 
The % volume intensity of each target bands would be calculated using BIORAD 
Gel Doc 1000 for comparison. 
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22 24 26 28 30 32 34 Cycle No. 
24 26 28 30 32 34 36 Cycle No. 
PPMnPl bp-
24 26 28 30 32 34 36 Cycle No. 
ppMnP2 bp- Q ^ m i m ^ ^ Q Q i ^ j m 
22 24 26 28 30 32 34 Cycle No. •P3 50 bp— B H H B ^ ^ B 
24 26 28 30 32 34 36 Cycle No. 
500 bp-
24 26 28 30 32 34 36 Cycle No. 
層nP5 500 bp— 
24 26 28 30 32 34 36 Cycle No. 
PPlacl 
24 26 28 30 32 34 Cycle No. 
ppiac2 soobp-
24 26 28 30 32 36 Cycle No. 
胸 3 500 bp— ^ S H I ^ ^ ^ ^ ^ S 
24 26 28 30 32 34 36 Cycle No. 
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H I ^ ^ ^ ^ ^ ^ ^ ^ ^ H I H H E s - 500 bp 
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Figure 2.3a Gel photos show the effect of the cycle number on amplification of 
the laccase and manganese-peroxidase cDNAs. The 100 bp marker was loaded on 
the left or right hand side of the P C R products. R N A s were extracted from 5-day 
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Figure 2.3b The effect of the cycle number on amplification of the laccase and 
manganese-peroxidase cDNAs. The relative PCR product amount was deduced from 
the ethidium bromide staining intensity of the amplified product in comparison with 
that of the marker. The optimized no. of cycles for amplification is selected from a 
data point in the linear range of increasing c D N A amount versus cycle no. 
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Table 2.7 A summary of sense (S) and anti-sense (AS) primers sequences, 
amplicon size, annealing temperature and cycle number used in this study 
Name Sequences (5,-3，） Size of Annealing No. of 
amplicon temperature cycle 
tb S: TTG ATG CCG TCC TCG ATG TTG 517 bp 63X 32 
AS: ACG GCG CGA TAT TGT TGG CTT 
PPMnPl S: TAC CAT TGA GAC CGC TTT CC 369 bp 60°C 32 
AS: CAA AG A TTC CTG GGG TTG A A 
PPMnPl S: ACG GCT CCA TCA TCA CTT TC 357 bp 60^C 32 
AS: ATG GTC TCA TCG ACG TGG TC 
PPMnPS S: AAG CGT GCT ACT TGT GCT GA 677 bp 60°C 32 
AS: GGATAC GGATTT CTC CAG CA 
PPMnP4 S: ATC GCT CGT CAC AAC ATC AG 587 bp 60�C 32 
AS: GCG TCT TGG GAA CAG GAA TA 
PPMnPS S: AGC CGT ATC TTT GCC TCA GA 774 bp 50�C 32 
AS: ATC GTC TCG AGC GAA CAA GT 
PPlacl S: CAA TTC AAT GTT CCG GAC C 950 bp 50�C 32 
AS: CCG TGA AGA TGG AAA GGA TGC 
PPlac2 S: GGA CGC TGT TAA CAT TGT TCC TAT AAC 319 bp 60X 32 
AS: GGC CAT GGC GAG ATT GAT GTT G 
PPlacS S: CAG TAT TGC GAC GGT CTC AG 667 bp 60�C 30 
AS: GTC GAA ATT CAT GGC AAG GT 
PPlac4 S: GTA CTC GTT TTC GGC TCC TG 290 bp 60�C 32 
AS: CTG TAT CGA CTG CCT AGT TT 
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Name Sequences (5 ' -3 ' ) Size of Annealing No. of 
amplicon temperature cycle 
PPlacS S: GAA TGC GGT GCT TCC TAG TG 736 bp 60�C 32 
AS: CCG ACA GCT AAA GCG GGT AT 
PPlacS S: GAG CAG GGC AAG CGT TAT AG 662 bp 60°C 32 
AS: CTATTC GAAACG CGGACAAT 
PPlac7 S: GAA GTC ATT GGG CCA CTT GT 627 bp 60�C 32 
AS: TGT CGA CTT CCA AGG GTT TC 
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2.3.2 The effect of different stresses 
In order to test the cross specificity of the laccase and manganese peroxidase genes, 
organopoUutants from several categories and nutrient substrates of P. pulmonarius 
were selected to test their regulation on these genes transcriptions. The 
organopoUutants selected were PCP, di(2-et}iylhexyl) phthlate (DEHP), 
1,1 -dichloro-2,2-bis(p-chlorophenyl)ethylene (DDE), Congo Red (one of the azo 
dyes), naphthalene, phenanthrene and benzo[a]pyrene from polycyclic aromatic 
hydrocarbons (PAHs), pesticide D D E , while the nutrient substrates chosen were 
straw and sawdust compost. 
P. pulmonarius was first incubated in the same manner as mentioned in Section 2.1. 
Blended mycelia (0.6 m L ) were added to 30 m L minimal medium in a 50 m L conical 
flask and incubated at 28 士 at 160 rpm. About 16 to 18 hr later, stock standard 
pollutants were diluted using different solvents (HPLC-grade methanol or acetone or 
ultrapure water) in order to standardize the concentration applied in the system to 
600 /xM/g mycelia. The solvent used for different pollutants is shown in Table 2.8. 
Concentrated pollutant solution (0.375 mL) was then added to the system. For the 
nutrient substrates studied, 2 % w/v straw or sawdust compost was applied to the 
system. 
Table 2.8 List of different solvent used for different pollutants 
Methanol Acetone Water 
PCP, DEHP, D D E , Benzo[a]pyrene Congo Red 
naphthalene, phenanthrene 
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Minimal medium ( M M ) acted as the control for medium with solvent only, while 
control ( M M plus methanol or acetone or water) was performed as the control for the 
addition of pollutant to the system. In parallel, control without biomass was 
performed under the sample experimental conditions in order to determine the initial 
amount of pollutant used and its stability. Samples were then collected at days 1 
(addition of PCP to the system), 3, 5, 7 and 9. All experiments were done with 
three replicates. 
Biomass was separated from the medium by filtering through a nickel sieve (2 m m in 
diameter). R N A of the biomass was extracted for gene expression study following 
method stated in Sections 2.2.2 - 2.2.6. The dry weights of the biomass were 
measured as Section 2.1.3. For the filtrate, protein and specific assays for 
measuring the ligninolytic enzyme activities were determined as mentioned in 
Section 2.1.1. Moreover, the removal ability of P. pulmonarius on different 
pollutants was examined using spectrophotometry, G C - M S or H P L C and expressed 
as removal efficiency. Despite of PCP and DEHP, all the remaining pollutants were 
analyzed using GC-MS. 
2.3.2.1 Pollutant removal analysis 
The residual PCP in the filtrate or the PCP adsorbed on the biomass was determined 
by the method stated as Section 2.1.2.3. While for DEHP, it also used reverse-phase 
high performance liquid chromatography (HPLC) with a Symmetry™ cl8 (5 jiim 
particle) column (4.6 m m x 250 m m ) (Okeke et al” 1993) to analyze. Isocratic 
elution was run by acetonitrile: methanol (9:1; by volume) at 0.8 m L min"' using an 
H P L C system which comprised a photodiode array detector (Waters 996) and 
separation module (Waters 2695). The maximum absorption wavelength of PCP 
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was found to be 225 mn. A series ofDEHP standards was prepared from 1.0 to 100 
mg/L to construct a standard curve for quantification. 
The residual Congo red in the filtrate was determined using a spectrophotometer. 
The maximum absorption wavelength of Congo red was found at 500 nm. A series 
of Congo red standards was prepared from 1.0 to 50 mg/L to construct a standard 
curve for quantification. 
GC-MS was used to analyze the residual PAHs and D D E in the filtrates and biomass. 
It consisted of an Hewlett Packard (HP) 7673 automatic injector, which adapted to a 
HP 6890 series gas chromatograph (Atlanta, GA) which connected to a model 5973 
mass selective detector at 62.5 kN m \ AHP-5 M S column of 5 % phenyl methyl 
silicone (0.25 m m x 30 m x 25 /xm film thickness) was used. The mass spectra of 
eluted peaks were matched with those in the libraries (NIST 98.1 & Pesticide. L) for 
putative identification. The carrier gas was helium at flow rate 50 m L min"\ G C 
operating conditions and temperature profile for PAHs and D D E used are shown in 
Tables 2.9, 2.10 and 2.11. A series of pollutant standards was prepared from 10 to 
100 mg/L to construct a standard curve for quantification. 
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Table 2.9 The operating conditions for gas chromatography ofPAHs and D D E 
Parameters G C operating conditions 
PAHs D D E 
Oven temperature 60。C 60°C 
Oven equilibrium time 2 min 0.5 min 
Injector temperature 280 °C 250 °C 
Interface temperature 280 °C 250 
Sampling time 2 min 2 min 
Split mode Splitless Splitless 
Column pressure 111.0 kPa 56.7 kPa 
Column flow 1.8 mL/min 1.0 mL/min 
Linear velocity 49.0 mL/min 36.5 mL/min 
Solvent cut 6 min 6 min 
Table 2.10 The temperature profile for gas chromatography of PAHs 
Rate (°C/min) Temperature (°C) Time (min) 
- 60 2 
8 ^  
Total run time: 44.5 min 
Table 2.11 The temperature profile for gas chromatography of D D E 
Rate (°C/min) Temperature Time (min) 
- 60 2 
10 180 2 
10 300 ^  
Total run time: 53 min 
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The extraction efficiencies for PCP, DEHP, D D E , Congo red, naphthalene, 
phenanthrene and benzo[a]pyrene were 94.3% 士 3.4o/o, 82.6% 土 12.2o/o，88.3% 士 
23.8%, 89.5% 土 2.0O/O, 78.6% 士 7.2o/o，71.0% 士 4.8o/o and 94.9% 士 5.5o/o， 
respectively. 
2.3.2.2 Differential gene expression under different stresses 
After the isolation of R N A , a two step RT-PCR was performed using method stated 
in Sections 2.2.4 - 2.2.5. The conditions for P C R (annealing temperatures, initial 
amount of RT products and the cycle numbers for each primer set) were optimized. 
The details are listed in Table 2.7. P C R products were separated by electrophoresis 
in 2 % agarose gel and stained with ethidium bromide and visualized under U V light 
as mentioned in Section 2.2.6. 
2.4 Construction of full-length c D N A 
2.4.1 Primer design 
Gene specific primers (GSP) for 5'- and 3'-rapid amplification of c D N A ends 
(RACE) reaction were designed using Primer Express 2.0 (Perkin-Elmer). Several 
parameters should be considered when designing primers. Firstly, primers should 
be 23 - 28 nucleotide long. Secondly, the G C content of the primers should range 
50-70 % and a Tm of at least 65°C; whenever possible the Tm should be greater than 
70 °C. The primers designed for R A C E PCR amplification are shown in Table 2.12 
and the amplicons are shown in Figure 2.4. 
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Table 2.12 Primers used for R A C E 
Name Sequences (5'-3') No. of base pairs 
MnPSR 3'RACE: CCG CAG CTG ATC ATG TTG ACG AAA G � 7 0 0 bp 
5'-RACE: CCC CGA GAG TAC CAG CAA AAT GAA CC � 5 0 0 bp 
LAC2R 3'RACE: ATG GCC TCA GAG GTT GAG AGC ACC A � 1 0 0 0 bp 
5'-RACE: AGT GGAACG GAT GCG GTC CTC CAA C -1300 bp 
PPlac6R 3'RACE: GAG CAG GGC AAG CGT TAT AG � 1 0 0 0 bp 
5'-RACE: CTATTC GAA ACG CGGACAAT � 1 3 0 0 bp 
w^^mwmmmmmm 
• i m H I • • ^ • • ^ B 
Figure 2.4 Gel photos show the R A C E products of 2 laccase cDNAs (PPlac2 and 
PPlac6) and 1 M n P c D N A {PPMnPS). The far left and right hand sides are the 100 
bp marker with the brightest band at the middle representing the 500 bp. The 
R A C E products (from left to right): PPMnP5-3', PPMnP5-5', PPlac2-3', PPlac2-5', 
PPlac6-3' and PPlac6-5'. 
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2.4.2 First-strand c D N A synthesis 
The B D S M A R T ™ R A C E c D N A Amplification Kit (BD Biosciences) was used for 
constructing full-length cDNA. For preparation of 5'-RACE-Ready cDNA, each 
5 IJLL reaction mix contains 1 jig of total R N A sample, 1 /xL 5'-CDS primer and 1 /xL 
B D S M A R T II A oligo; while for preparation of 3'-RACE-Ready cDNA, each 5 /xL 
reaction mix contains 1 fig of total R N A sample and 1 /xL 3'-CDS primer. The 
reaction mix then was incubated at 70°C for 2 min and chilled on ice for 2 min. 
First-Strand Buffer of 5X (2 /xL), 1 iiL D T T (20 mM)，1 /xL dNTP Mix (10 m M ) and 
1 /xL B D Powerscript Reverse Transcriptase were added to the reaction mix. The 
RT reaction was carried out at 42°C for 1.5 hr in a hot-lid thermal cycler. It was 
then diluted with 100 /xL Tricine-EDTA Buffer and followed with 7 min heating at 
72°C. c D N A samples were then stored at -20°C. 
2.4.3 R A C E P G R reactions 
The R A C E P G R reaction was performed using B D S M A R T R A C E Kit (BD 
Biosciences). Each 16.6 /xL of R A C E PGR reaction master mix contained 13.8 jiL 
PCR-Grade water, 2 /JL lOX B D Advantage 2 PGR Buffer, 0.4 /xL dNTP Mix (10 
m M ) and 0.4/xL SOX B D Advantage 2 Polymerase Mix. 5'- or 3'-RACE sample, 
5'-RACE gene specific primer (GSP 1) and /or 3'-RACE gene specific primer 
(GSP2), lOX Universal Primer A Mix (UPM) and master mix were made up to the 20 
/xL of R A C E PGR reaction mix as tabulated in Table 2.13. A touchdown PGR was 
performed in a PTC-100 Programmable Thermal Controller (MJ Research Inc., USA) 
and the thermal cycling condition is tabulated in Table 2.14. Each sample (5 /xL) 
was analyzed on a 1.2% agarose/EtBr gel as described in Section 2.2.6. 
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Table 2.13 5'- or 3'-RACE P C R reaction mixture 
Component 5，-RACE/ GSP 1 +2 U P M only GSP1 /GSP2 
3'-RACE sample (+Control) (-Control) only 
(-Control) 
5'-RACE or 1 /xL 1 /xL 1 /xL 1 /xL 
3,-RACE-Ready c D N A 
U P M (1 OX) 2/xL 一 2/xL — 
GSPl (lOixM) 0.4/xL 0.4 [jlL — 0.4 /xL 
GSP2(10/xM) — 0.4 /xL 一 一 
PCR-Grade water — 1.6 /xL 0.4 /xL 2/xL 
Master Mix 16.6/xL 16.6 /xL 16.6/AL 16.6 /xL 
Final volume 20 /xL 20 jxL 20 /xL 20 /xL  
Table 2.14 Thermal cycling parameters for touchdown P C R 
Thermal cycling parameters  
Step 1 94。C 30 sec 
Step 2 ITC 3 min 
Steps 1-2 were repeated for 5 times 
Step 3 94。C 30 sec 
Step 4 68°C 30 sec 
Step 5 72。C 3 min 
Steps 3-5 were repeated for 5 times 
Step 6 94。C 30 sec 
Step 7 65。C 30 sec 
steps 72°C 3 min 
Steps 6-8 were repeated for 5 times 
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2.5 Statistical analysis 
Throughout the study, SPSS 11.5 software was used to calculate all the statistical 
t 
data. For the one-way and two-way A N O V A , the ranking was done using Tukey 
test with the assumption of equal variance at < 0.05. Rank "a" was given to the 
highest rank and the way down for the others. 
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3 Result 
3.1 Optimization of P C P induction in broth system 
3.1.1 Enzyme Assay 
3.1.1.1 Protein content 
The responsive changes of protein contents in the filtrate to different PCP 
concentrations are shown in Figure 3.1. Minimal medium ( M M ) was used to reflect 
the solvent effect if any, while control ( M M plus methanol) was performed as the 
control for the addition of PCP to the system. There is no significant difference in 
protein contents among samples of minimal medium, control and media 
contaminated with different PCP treatments. Along incubation, there was a sharp 
drop at Day 3 with the protein concentration dropped from about 1.8 mg/mL to about 
1.1 mg/mL. The protein content was then maintained at a steady level at Day 9. 
3.1.1.2 Specific laccase activity 
The extracellular laccase activity was monitored in a 2-day interval. As shown in 
Figure 3.2, a basal level of laccase activity was detected from the minimal medium 
(MM), while the control with methanol added to the M M enhanced the specific 
laccase activity. PCP with concentrations of 400, 600 and 1000 fiM /g biomass 
significantly enhanced the specific laccase activities of P. pulmonarius, in which 600 
jitM PCP /g biomass concentrations gave the highest enhancement effect. The 
maximum peak for specific laccase activity (408.6 lU/ m g protein) was attained at 
Day 7 with 3.5-fold increase from that of the control. For PCP with 2000 /xM PCP 
/g biomass concentration, there was no enhancement effect on specific laccase 
activity from Days 1-7，but there was a rise at Day 9. 
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Figure 3.1 The effect of PCP concentrations on the medium protein contents of 
Pleurotus pulmonarius along incubation. A mycelial homogenate was used as an 
inoculum. Different concentrations of PCP were added at 18 hr. Each data is 
represented as mean 士 standard deviation of triplicates. No significant difference 
was detected between control and treatment by two-way A N O V A a t < 0.05. 
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Figure 3.2 The effect of PCP concentrations on the specific laccase activities of 
Pleurotus pulmonarius along incubation. A mycelial homogenate was used as an 
inoculum. Different concentrations of PCP were added at 18 hr. Each data is 
represented as mean 士 standard deviation of triplicates. Differences between 
control and treatment were compared using two-way A N O V A at < 0.05 with 
ranking done by Tukey test. 
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3.1.1.3 Specific M n P activity 
The extracellular M n P activity was monitored in a 2-day interval. In comparison 
with the specific laccase activity (a maximum of 408.6 lU/ m g protein), the specific 
M n P activity was relatively low (a maximum of 20.8 lU/ m g protein). In Figure 3.3, 
a basal level of specific M n P activity was detected from M M and methanol alone. 
The solvent did not raise the specific M n P activity of P. pulmonarius. Significant 
enhancements of the specific M n P activity were attained by PCP with concentrations 
of 400, 600 and 1000 /xM/g biomass. PCP concentration of 1000 /xM/g biomass 
gave the highest enhancement effect in specific M n P activity (17.0 fold increase) 
than other PCP concentrations. PCP concentration of 2000 /xM/g biomass on the 
other hand did not significantly enhance the specific M n P activity. Along the 
incubation time, the enhancement effects by 400 and 600 /xM PCP/g biomass 
increased from Day 0 to Day 3 and then stabilized afterwards. However, 1000 /xM 
PCP/g biomass enhanced the specific M n P activity gradually and in an increasing 
manner until Day 9. The enhancement effect for PCP with concentration of 2000 
liM PCP /g biomass was delayed and started at Day 9. 
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Figure 3.3 The effect of PCP concentrations on the specific M n P activities of 
Pleurotus pulmonarius along incubation. A mycelial homogenate was used as an 
inoculum. Different concentrations of PCP were added at 18 hr. Each data is 
represented by the mean 士 standard deviation of triplicates. Differences between 
control and treatment were compared using two-way A N O V A at < 0.05 with 
ranking done by Tukey test. 
4000 � 
— M M — a — Control 
3500 - — ^ 400 uM PCP/g mycelia ^ ^ 600 uM PCP/g mycelia 
Q T o 1000 uM PCP/g mycelia 2000 uM PCP/g mycelia 
I 3000 -
• 2500 -
1 誦 - / f \ \ 
IE-
0 1 2 3 4 5 6 7 8 9 10 
Day 
Figure 3.4 The effect of PCP concentrations on the laccase productivities of 
Pleurotus pulmonarius along incubation. A mycelial homogenate was used as an 
inoculum. Different concentrations of PCP were added at 18 hr. Each data is 
represented by the mean 土 standard deviation of triplicates. Differences between 
control and treatment were compared using two-way A N O V A at < 0.05 with 
ranking done by Tukey test. 
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3.1.1.4 Laccase productivity 
A basal level of laccase activity was detected from M M and M M with methanol, and 
there was no significant difference between them (Figure 3.4). PCP with 
concentrations of 400, 600 and 1000 /xM /g biomass significantly enhanced the 
laccase productivities of P. pulmonarius in an ascending order, in which 1000 [xM 
PCP /g biomass gave the highest promotion. The maximum peak attained (2977 
KJ/g biomass) for 1000 /xM PCP /g biomass was at Day 3 with a 11.9-fold increase. 
For 2000 jiM PCP /g biomass concentration, there was no enhancement effect on 
laccase productivity from Day 1 to Day 7, but the enhancement effect started at Day 
9. 
3.1.1.5 M n P productivity 
From Figure 3.5, methanol had no effect on the M n P productivity of R pulmonarius. 
Significant enhancements of the M n P producitvity were attained by 400, 600 and 
1000 fiM PCP/g biomass in an ascending order. The highest enhancement effect 
was brought by 1000 /xM PCP /g biomass and it reached a maximum peak at Day 3 
with 109.0 lU/ g biomass (17.5 fold increase). On the other hand, 2000 /xM PCP /g 
biomass did not significantly enhance the M n P production. Along the incubation 
time，the enhancement effect for PCP with 400 and 600 /iM PCP /g biomass was 
increased from Day 0 to Day 3 and then dropped in a steady and slow rate. For 
1000 /xM PCP /g biomass, enhancement was observed and became steady from Day 
7 to Day 9. The enhancement effect of 2000 /xM PCP /g biomass was delayed and 
started at Day 9. 
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Figure 3.5 The effect of PCP concentrations on the M n P productivities of 
Pleurotus pulmonarius along incubation. A mycelial homogenate was used as an 
inoculum. Different concentrations of PCP were added at 18 hr. Each data is 
represented by the mean 士 standard deviation of triplicates. Differences between 
control and treatment were compared using two-way A N O V A at p < 0.05 with 
ranking done by Tukey test. 
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Figure 3.6 The effect of PCP concentrations on the growth of Pleurotus 
pulmonarius along incubation. A mycelial homogenate was used as an inoculum. 
Different concentrations of PCP were added at 18 hr. Each data is represented by 
the mean 士 standard deviation of triplicates. Differences between control and 
treatment were compared using two-way A N O V A at p < 0.05 with ranking done by 
Tukey test. 
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3.1.2 P C P effect on biomass development 
In comparison of the control with minimal medium in Figure 3.6, methanol alone 
suppressed the growth of P. pulmonarius. However, the inhibition effect was small 
and significant at Day 9. All the PCP treatments exerted suppression on growth and 
development. The inhibition effect became significant starting from Day 3，which 
resulted in a very slow growth and reached only 24% to 37% of control at Day 9. 
In terms of the degree of inhibition, there is no significant difference among PCP 
concentrations of 400, 600 /xM and 1000 /xM PCP /g biomass. The highest 
concentration (2000 [xM PCP /g biomass) resulted in the smallest biomass gain and 
gave the most significant inhibition. 
3.1.3 P C P removal 
PCP of different concentrations were stable over the 9-day incubation time (Figure 
3.7). The removal of PCP from the broth system must then be a combined effect of 
degradation and biosorption. Figure 3.8 shows that the removal efficiency of PCP 
decreased with the increase in PCP concentration. After 9-day incubation, R 
pulmonarius removed over 90% of the PCP with concentration of 400 /xM PCP /g 
biomass in the system, while the removal efficiency was only about 20% for 2000 
[JM PCP /g biomass concentration. Moreover, there was a big difference in removal 
ability between systems with 600 jitM PCP /g biomass and 1000 fiM PCP /g biomass, 
which dropped from 86% to 36% respectively. 
Biosorption of PCP by the biomass was remained steady along the incubation time 
(Figure 3.9). Moreover, the biosorption efficiency of PCP increased with PCP 
concentration, but only contributed less than 10% of the total removal for different 
PCP concentrations, which implied that most of the removal of PCP from the system 
was done by degradation. 
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Figure 3.7 The stabilities of different PCP concentrations along incubation. 
Each data is represented by the mean 士 standard deviation of triplicates. No 
significant difference is detected among different PCP concentrations by one-way 
ANOVAat;7<0.05. 
120.0%「 
400 uM PCP/g mycelia 600 uM PCP/g mycelia 
1 ^ • 1000 uM PCP/g mycelia 2000 uM PCP/g mycelia 
丄uu.u% - T a 
g 80.0% — 
.1 / 
S 60.0% - Z乂 Z 1 / i / , 
cs 40.0% _ / ^ ^ ^ r � 
0.0% i ‘ + ‘ ‘ ‘ ^ ‘ ‘ ‘ 
0 1 2 3 4 5 6 7 8 9 10 
Day 
Figure 3.8 The effect of PCP concentrations on the removal efficiencies by 
Pleurotus pulmonarius along incubation. A mycelial homogenate was used as an 
inoculum. Different concentrations of PCP were added at 18 hr. Each data is 
represented by the mean 士 standard deviation of triplicates. Control and treatment 
were compared using one-way A N O V A d i X p < 0.05 with ranking done by Tukey test. 
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Figure 3.9 The effect of PCP concentrations on the sorption removal efficiencies 
of Pleurotus pulmonarius along incubation. A mycelial homogenate was used as an 
inoculum. Different concentrations of PCP were added at 18 hr. Each data is 
represented by the mean 士 standard deviation of triplicates. No significant 
difference is detected among different PCP concentrations by one-way A N O V A . 
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3.2 Isolation of laccase and manganese peroxidase coding genes 
3.2.1 Dendrogram construction for heterologous M n P and laccase coding 
genes 
Total R N A was isolated from P. pulmonarius strain P127, grown in minimal medium 
for 4 days. RT-PCRs of laccase and M n P genes using degenerate primers were 
undertaken. Cloning was followed afterwards. For laccase coding genes, 10 
positive colonies were picked and yielded 4 different clones {PPlacl to PPlac4). For 
M n P coding genes, 17 positive colonies were picked and yielded 2 different clones 
{PPMnPl and PPMnP2), 
A dendrogram of Pleurotus M n P coding genes integrating the 2 clones and the 
downloaded sequences from GenBank was constructed and is shown in Figure 3.10. 
Five major clades，with phylogenetic distance more than 0.1，were developed. One 
clone {PPMnPl) together with P0MnP4 and PEMnP2 fell in one clade. P0MnP3, 
POMnP and the other clone {PPMnPl) formed three separate clades. P0MnP2 and 
PEMnPl then grouped and formed the last clade. Clade specific primer sets were 
then designed to search for heterologous M n P coding genes in P. pulmonarius by 
Clustal W alignment of the nucleotide sequences and free software PrimerExpress. 
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Figure 3.10 A dendrogram of the common 208 nucleotide sequences of 
MnP-coding cDNAs of Pleurotus species {P. ostreatus, P. eryngii & R pulmonarius). 
The phylogenetic tree was built from unweighted pair group method with arithmetic 
mean ( U P G M A ) clustering using M E G A 2.1. 
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Figure 3.11 A dendrogram of the common 283 nucleotide sequences of 
laccase-coding cDNAs of Pleurotus species {P. ostreatus, P. pulmonarius & P. 
cajor-caju). The phylogenetic tree was built from unweighted pair group method 
with arithmetic mean (UPGMA) clustering using M E G A 2.1. 
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For laccase, a dendrogram was constructed from the 4 different clones obtained from 
cloning and those available on the GenBank as shown in Figure 3.11. Six major 
clades, with phylogenetic distance more than 0.1, were developed. The first two 
clones {PPlacl and PPlac2) fell in one clade together with POlacpox2, PODOposcl, 
UKPSlac4 and PSlac4\ PSlacl, UKPSlacl, POlac and PODOpoxl fell in another 
clade. The third clone {PPlac3) together with UKPSlacl and PSlac2 fell in one 
clade. PSlac5 and PSlac3 formed two separate clades, while UKPSlacS and the 
fourth clone {PPlac4) fell in the last clades. Since two clones were discovered in 
the first clade, in total 7 specific primer sets were designed to search for heterologous 
coding laccase genes in P. pulmonarius. 
3.2.2 Phylogeny of ligninolytic enzyme coding genes of J^  pulmonarius 
P G R products were successfully amplified using these primer sets (Table 2.7) and 
their corresponding identities were confirmed through homology search as shown in 
Table 3.1. All the M n P genes were novel and shared less than 100% homology with 
any known Pleurotus genes. In the case of laccase genes, it was shown that only 
PPlacl is identical to the P. sajor-caju lac4 (AJ507327) on GenBank. For the 
remaining laccase genes, even PPlac5 and PPlac7 have 99% homology with P. 
sajor-caju lac3 (AJ507326) and lac5 (AJ507328) respectively, they are not identical 
to them and have 3 out of 591 bp and 6 out of 1082 bp mismatches respectively. 
Five M n P coding genes and 7 laccase coding genes were then aligned and tested for 
the phylogeny. 
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Table 3.1 Homology search with GenBank for ligninolytic enzyme-coding gene 
identities 
Ligninolytic Sequence Homology search Best match (Top three) 
enzyme- length (bp) with GenBank 
coding genes (blast function)  
E value Score 
PPMnPl 286 3e-98 365 Lepista irina mRNA for putative versatile peroxidase 
precursor; AJ515245 
2e-93 349 P. eryngii versatile peroxidase VPL2 precursor; 
AF007222. 
4e-91 341 P. eryngii versatile peroxidase VPLl precursor (vpl) 
mRNA, vpll allele, complete cds; AFQQ7221.  
PPMnP2 311 3e-58 232 P. ostreatus mnp3 mRNA for manganese peroxidase; 
ABO 11546 
le-11 78 P. ostreatus mnp3 gene for manganese peroxidase; 
AB016519 
2e-04 54 Heterobasidion abietinum partial mnp2 gene for 
putative Mn-dependent peroxidase, exons 1-4, isolate 
B1166;AJ507478  
PPMnP3 509 e-115 422 P. ostreatus mnp3 mRNA for manganese peroxidase; 
ABO 11546 
le-21 111 P. ostreatus mnp3 gene for manganese peroxidase; 
AB016519 
le-12 82 P. eryngii versatile peroxidase VPL2 precursor (vpl) 
mRNA, vpl2 allele, complete cds; AF007222  
PPMnP4 485 3e-84 319 P. ostreatus manganese peroxidase 2; AF326204 
4e-37 163 P. eryngii versatile peroxidase VPSl precursor; 
AF175710 
2e-29 137 P. ostreatus mnp2 gene for manganese peroxidase 2; 
AJ243977  
PPMnP5 639 e-139 504 P. ostreatus manganese peroxidase (Mnp) mRNA; 
U21879 
8e-36 159 P. ostreatus manganese peroxidase gene (Mnp); 
U21878 
4e-07 64 P. ostreatus mnp3 mRNA for manganese peroxidase, 
complete cds; ABO 11546 
PPlacl 883 0.0 1719 P. sajor-caju mRNA for laccase 4 (lac4 gene); 
AJ507327 
0.0 839 P.ostreatus pox2 mRNA for diphenol oxidase ； Z34848 
0.0 831 P. ostreatus mRNA for bilirubin oxidase, complete 
cds; AB020026  
PPlacl 298 e-155 553 P. sajor-caju mRNA for laccase 4 (lac4 gene); 
AJ507327 
5e-94 351 P. ostreatus mRNA for bilirubin oxidase; AB050026 
2e-84 319 P. ostreatus laccase mRNA, complete cds; AY45044 
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Ligninolytic Sequence Homology search Best match (Top three) 
enzyme- length (bp) with GenBank 
coding genes (blast function)  
E value Score 
PPlacS 452 0.0 858 P. sajor-caju mRNA for laccase 2 (lac2 gene); 
AJ507325 
7e-94 351 P. sajor-caju laccase 2 (Lac2) mRNA; AF297526 
0.001 52 P. ostreatus laccase mRNA, complete cds; AY485827 
PPlac4 266 4e-48 198 P. sajor-caju laccase 3 (Lac3) mRNA; AF297527 
2e-06 60 Coprinopsis cinerea strain AmutBmut laccase 5; 
AY338761 
2.1 40 Gloeohacter violaceus PCC 7421 DNA, complete 
genome, section 7/16; AP006574  
PPlacS 591 0.0 1130 P. sajor-caju mRNA for laccase 1 ( l ad gene); 
AJ507324 
0.0 678 P. ostreatus poxl mRNA for diphenol oxidase; Z34847 
e-178 630 P. ostreatus laccase mRNA, complete cds; AY485827 
PPlac6 496 0.0 950 P. sajor-caju mRNA for laccase 3 (lac3 gene); 
AJ507326 
le-30 141 P. ostreatus poxa3 gene for laccase; AJ344434 
0.001 52 Trametes pubescens l accase lA ( lap lA) gene, 
complete cds; AF414808 
PPlac7 442 0.0 837 P. sajor-caju mRNA for laccase 5 (lac5 gene); 
AJ507328 
4e-09 70 Flammulina velutipes laccase mRNA; AY450406 
9e-07 62 P. ostreatus mRNA for laccase (poxalb gene);  
|AJ005018  
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3.2.2.1 Phylogeny of M n P coding genes 
The phylogenetic distance among the five M n P coding genes was calculated using 
M E G A version 2.1 and shown in Figure 3.12 and Table 3.2. Different accession 
numbers were assigned by the GenBank for these genes. PPMnPl (AY916526) 
was grouped with PPMnP2 (AY916527) and PPMnPS (AY916528), while PPMnP2 
and PPMnPS are very similar with homology of 98%, 6 points of nucleotide 
mismatch scattered in the 452 bp alignment were found. On the other hand, 
PPMnP4 (AY916529) is phylogenetically distant with the other P. pulmonarius M n P 
coding genes including PPMnPS (AY836676). 
3.2.2.2 Phylogeny of laccase coding genes 
The phylogenetic distance among different laccase coding genes was calculated and 
reviewed in Figure 3.13 and Table 3.3. They all were posted onto the GenBank 
with different accession numbers. PPlacl (AY936475) and PPlac2 (AY836675) 
are identical at the aligned region (543 bp). However, when the two cDNAs each of 
length 883 bp were aligned in pairwise, 7 points of nucleotide mismatch scattered in 
the alignment were found, so that they were not identical. The accession number 
for PPlac2 is (AY916530). PPlac4 (AY916531) is the most distant laccase coding 
genes among all the others. PPlac5 (AY916532) clustered with PPlacl and PPlac2. 
PPlac6 (AY836674) and PPlac7 (AY916533) on the other way were far from them. 
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Figure 3.12 A dendrogram of the common 458 nucleotide sequences of 5 
MnP-coding cDNAs o^eurotus pulmonar而.The phylogenetic tree was built from 
unweighted pair group method with arithmetic mean ( U P G M A ) clustering using 
M E G A 2.1. 5 
Table 3.2 Pairwise distance analysis among different 5 M n P cDNAs of Pleurotus 
pulmonarius. The shaded colour cells show the corresponding standard errors e g 
the pairwise distance for PPMnPl and PPMnP2 is 0.363 with the standard error of 
0.036 
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Figure 3.13 A dendrogram of the common 543 nucleotide sequences of 7 
laccase-coding cDNAs of Pleurotus pulmonarius. The phylogenetic tree was built 
from unweighted pair group method with arithmetic mean ( U P G M A ) clustering 
using M E G A 2.1. 
Table 3.3 Pairwise distance analysis among the 7 laccase cDNAs of Pleurotus 
pulmonarius. The shaded colour cells show the corresponding standard errors, e.g. 
the pairwise distance for PPlacl and PPlacS is 0.435 with the standard error of 0.038 
PPlacl PPlacl PPlac3 PPlac4 PPlac5 PPlac6 \ppiac7 
PPlacl 0.000 0.038 0.075 0.023 0.048 0.052 
PPlac2 Q.OQQ 0.038 0.075 0.023 0.048 0.052 
PPlac3 0.435 0.435 0.070 0.038 0.055 0.051 
PPlac4 0.855 0.855 0.788 0.064 0.086 0.078 
PPlac5 0.210 0.210 0.444 0.739 0.052 0.045 
PPlac6 0.593 0.593 0.692 0.952 0.642 0.063 
PPlac? 0.637 0.637 0.615 0.874 0.551 0.777 
I 1 1 ^ 1 ^ I i  
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3.3 Differential regulation profiles of laccase and M n P genes 
3.3.1 Time course of the effects of P C P on levels of M n P and laccase m R N A s 
3.3.1.1 Time course of the effects of P C P on levels of M n P m R N A s 
According to Figure 3.14, the expression of the M n P coding genes fluctuated within 
48 hr with PCP added to the culture system and the effect became stable and 
significant after 96 hr in general. PCP suppressed the expression of PPMnPl, but 
enhanced the expression of PPMnPS after 48 hr of incubation. Moreover, the 
expressions of PPMnP2, PPMnPS and PPMnP4 were not significantly affected by 
the addition of PCP. 
For the control, the transcription level of PPMnPl was in a sigmoid form over time. 
It was stable over the 12 hr after the methanol addition, it then increased gradually 
over the next 12 hr and increased drastically over the next 24 hr and got stable 
afterwards. With the PCP treatment, the increase in the transcription level of 
PPMnPl was delayed; it maintained in a low level over the 24 hr after the addition 
of PCP and gradually increased in a slow maimer over the next 72 hr. 
In general, the expression of PPMnP2, PPMnPS and PPMnP5 dropped at 8 hr after 
the addition of PCP into the culture system, but the expression level returned to their 
original levels. This was consistent with the drop in transcription level of the 
house-keeping gene (/3-tubulin) at 8 hr. PCP inhibited mildly the transcription of 
PPMnP2 immediately and there was a difference between the control (with only 
solvent methanol) and PCP at 1 hr. The inhibitory effect decreased to an 
insignificant level afterwards and no significant effect of PCP on the transcription of 
PPMnPl was observed. Nevertheless, the transcription level of PPMnP2 was the 
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Fi即re 3 14b The effect of PCP concentrations on differential expression of laccase-
and manganese perox.dase-codmg genes by RT-PCR. The expression levels were 
normalized using the expression level of housekeeping gene tubulin. 
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The addition of PCP to the system instantly inhibited the transcription of PPMnPS. 
The suppressive effect dropped gradually and there was no significant inhibitory or 
enhancement effect of PCP on the transcription of PPMnPS after 96 hr. The 
transcription levels of PPMnPS of both control and PCP groups dropped 
dramatically with the same degree after 4 hr and got stable starting from the 12 hr. 
The expression of PPMnPS then increased slowly and gradually with fluctuation 
afterwards. 
In comparison with the control group, the addition of PCP to the system increased 
the fluctuation and instability of the transcription of PPMnP4. PCP instantly 
lowered the transcription level of PPMnP4, but the effect decreased gradually. 
Finally, there was no significant effect of PCP over the expression of PPMnP4. 
The transcription levels of PPMnP5 of both control and PCP groups dropped 
dramatically with the same degree after 4 hr and stabilized in control group starting 
from 8 hr. The enhancement effect of PCP on the transcription of PPMnP5 started 
at 8 hr after the addition. The expression of PPMnPS increased gradually 
afterwards and became significantly higher than the control at 96 hr. 
3.3.1.2 Time course of the effects of P C P on levels of laccase m R N A s 
In Figure 3.14, the expression of the laccase coding genes fluctuated within the 48 hr 
after PCP had been added to the culture system. The transcription became steady 
and the effect became stable and significant after 96 hr. PCP enhanced the 
expression of PPlacl, PPlac2 and PPlac6, but suppressed the expression of PPlacS. 
Moreover, the expressions of PPlacS, PPlac4 and PPlacl were not significantly 
affected by the addition of PCP to the system after 96 hr. 
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Highly toxic PCP suppressed the transcription of PPlacl immediately after the 
addition. The transcription patterns for the control and PCP treatment then 
coincided with the transcription pattern of the house-keeping gene in the first 12 hr. 
However, methanol regulated and maintained the transcription of PPlacl at a low 
level, while PCP enhanced the expression continuously. The transcription of 
PPlacl was stabilized at 24 hr for both control and PCP treatment groups. 
The transcription level of PPlacl was the same for both control and PCP treatment 
and got stable over the 12 hr after the addition of PCP or methanol. PCP enhanced 
the expression of the gene. The transcription level of PPlac2 was higher under PCP 
than under methanol. 
PCP firstly enhanced the transcription of PPlac3, but inhibited the expression 
immediately afterwards until 8 hr. The inhibition effect ceased after 8 hr and the 
trend of the change in transcription of PPlac3 under PCP was then coincided with 
that under control. On the other hand, the effect of methanol on the transcription of 
PPlacS was low. The expression of PPlacS was stable over the beginning 24 hr and 
then a rise was observed with an increase in transcription followed with a decrease in 
transcription. The expression of PPlacS fell back to the original level. 
The expression of PPlac4 gene was the second lowest among all the laccase coding 
genes investigated. It dropped to a low level at 8 hr after the addition of methanol 
or PCP into the culture system, but the expression level returned and reversed to its 
original level starting from 48 hr. There was no significant effect of methanol or 
PCP on the transcription of PPlac4. 
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The expression of PPlac5 gene was the lowest among all the laccase coding genes 
investigated. The transcription of PPlac5 was instantly inhibited by PCP and the 
expression was kept at this low level along the incubation time. Methanol 
suppressed the transcription of PPlac5 and maintained it at a low level, but had a 
delay of 4 hr and to a less extent. 
Within the treatment period, the transcriptions of PPlac6 dropped mildly at first and 
then increased afterwards and eventually dropped back to their original levels. 
Although the expression patterns of the PPlac6 gene were the same for the control 
and PCP treatment groups, PCP enhanced the transcription and maintained at a 
relatively higher level than the control 
The expression of PPlac7 gene was the highest among all the laccase coding genes. 
The enhancement effect of PCP on the expression was significant at the very 
beginning, but became insignificant gradually. The expression of PPlacl gene 
dropped to a basal low level at 8 hr after the addition of methanol or PCP into the 
culture system, which coincided with the drop in transcription level of the 
house-keeping gene (/5-tubulin) at the time 8 hr. Moreover, the transcription 
patterns of the control and PCP treatment group were similar along time. 
3.3.2 The effects of different stresses and two lignocellulosic substrates 
3.3.2.1 The effect on laccase and M n P enzyme activities 
3.3.2.1.1 Protein content 
The changes of protein content in the filtrate in response to different substrates are 
shown in Figure 3.15. Minimal medium ( M M ) acted as the control medium for 
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lignocellulosic substrates, Congo red and solvent addition, while M M plus methanol 
and M M plus acetone were performed as the controls for the addition of different 
organopollutants to the system. There was no significant difference in protein 
content among samples with minimal medium only, different solvents and different 
substrates, except samples with D E H P and sawdust. 、 
3.3.2.1.2 Specific laccase activity 
Figure 3.16 shows that lignocellulosic substrates gave the largest magnitude of 
enhancement of specific laccase activity in comparison with the organopollutants, 
with sawdust being the best enhancer. For the two solvents used, methanol 
enhanced the specific laccase activity to a small extent, but no enhancement effect 
for acetone. Most of the organopollutants did not raise the specific laccase activity 
of P. pulmonarius. Only PCP did significantly enhance the specific laccase activity in 
comparison with the methanol control. 
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Figure 3.15 The effect of growth substrates and organopoUutants on medium 
protein contents of Pleurotus pulmonarius after 5-day incubation. An organopollutant 
was added at 18 hr after incubation at a concentration of 600 /xM/g biomass while 
lignocellulosic substrates were added at a concentration of 2 % (w/v). DEHP, 
di(2-ethylhexyl) phthalate; D D E , 1,1 -dichloro-2,2-bis(p-chlorophenyl)ethylene; CR, 
Congo Red; Nap, naphthalene; Phe, phenanthrene; Bap, benzo[a]pyrene. 
Each data is represented by the mean 士 standard deviation of triplicates and 
compared using one-way A N O V A dtp< 0.05 with ranking done by Tukey test. 
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Figure 3.16 The effect of growth substrates and organopoUutants on specific 
laccase activities of Pleurotus pulmonarius after 5-day incubation. An 
organopollutant was added at 18 hr after incubation at a concentration of 600 juM/g 
biomass while lignocellulosic substrates were added at a concentration of 2 % (w/v). 
DEHP, di(2-ethylhexyl) phthalate; D D E , 1，1 -dichloro-2,2-bis(p-chlorophenyl)-
ethylene; CR, Congo Red; Nap, naphthalene; Phe, phenanthrene; Bap, 
benzo[a]pyrene. Each data is represented by the mean 土 standard deviation of 
triplicates and compared using one-way A N O V A at < 0.05 with ranking done by 
Tukey test. 
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3.3.2.1.3 Specific M n P activity 
The pattern of the change of specific M n P activities across different substrates was 
similar to the above specific laccase activities as shown in Figure 3.17, but the 
magnitude of the M n P activity was 20 times less than the laccase activity. Also, 
lignocellulosic substrates gave the highest enhancement of specific M n P activities. 
PCP provided significant enhancement of the M n P activity and the other 
organopollutants did not further increase the specific M n P activities in addition to the 
solvent effect. 
3.3.2.1.4 Dry weight of JR pulmonarius 
High biomass growth was observed in samples provided with lignocellulosic 
substrates and sawdust gave a higher enhancement effect than straw as shown in 
Figure 3.18. In general, all the solvent and organopollutant treatments lowered the 
biomass gain. Comparing the two solvents, acetone alone already inhibited the 
biomass gain of P. pulmonarius, while methanol did not provide significant effect on 
this. Among the organopollutants, PCP gave the greatest suppression in biomass 
gain and followed with phenanthrene. All the other organopollutants did not 
significantly inhibit the biomass growth. 
3.3.2.1.5 Laccase productivity 
In contrast to larger biomass gain, the laccase productivities of straw and sawdust 
became low (Figure 3.19). On the other hand, the enhancement effect of PCP on 
laccase productivity was even more dramatic. This is followed with phenanthrene, 
which also provided significant enhancement in the productivity. For the others, no 
significant effect was exhibited on the laccase productivity. Moreover, no solvent 
effect was seen. 
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Figure 3.17 The effect of growth substrates and organopollutants on specific M n P 
activities of Pleurotus pulmonarius after 5-day incubation. An organopollutant was 
added at 18 hr after incubation at a concentration of 600 /xM/g biomass while 
lignocellulosic substrates were added at a concentration of 2 % (w/v). DEHP, 
di(2-ethylhexyl) phthalate; D D E , 1,1 -dichloro-2,2-bis(p-chlorophenyl)ethylene; CR, 
Congo Red; Nap, naphthalene; Phe, phenanthrene; Bap, benzo[a]pyrene. Each data is 
represented by the mean 士 standard deviation of triplicates and compared using 
one-way A N O V A at /?<0.05 with ranking done by Tukey test. 
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Figure 3.18 The effect of growth substrates and organopollutants on growth of 
Pleurotus pulmonarius after 5-day incubation. An organopollutant was added at 18 hr 
after incubation at a concentration of 600 \xMJg biomass while lignocellulosic 
substrates were added at a concentration of 2 % (w/v). DEHP, di(2-ethylhexyl) 
phthalate; D D E , 1,1 -dichloro-2,2-bis(p-chlorophenyl)ethylene; CR, Congo Red; Nap, 
naphthalene; Phe, phenanthrene; Bap, benzo[a]pyrene. Each data is represented by 
the mean 土 standard deviation of triplicates and compared using one-way A N O V A at 
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Figure 3.19 The effect of growth substrates and organopollutants on laccase 
productivities of Pleurotus pulmonarius after 5-day incubation. An organopollutant 
was added at 18 hr after incubation at a concentration of 600 liU/g biomass while 
lignocellulosic substrates were added at a concentration of 2 % (w/v). DEHP, 
di(2-ethylhexyl) phthalate; D D E , 1,1 -dichloro-2,2-bis(p-chlorophenyl)ethylene; CR,' 
Congo Red; Nap, naphthalene; Phe, phenanthrene; Bap, benzo[a]pyrene. Each data is 
represented by the mean ± standard deviation of triplicates and compared using 
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Figure 3.20 The effect of growth substrates and organopollutants on M n P 
productivities of Pleurotus pulmonarius after 5-day incubation. An organopollutant 
was added at 18 hr after incubation at a concentration of 600 /xM/g biomass while 
lignocellulosic substrates were added at a concentration of 2 % (w/v). DEHP, 
di(2-ethylhexyl) phthalate; D D E , 1,1 -dichloro-2,2-bis(p-chlorophenyl)ethylene; CR,' 
Congo Red; Nap, naphthalene; Phe, phenanthrene; Bap, benzo[a]pyrene. Each data is' 
represented by the mean ± standard deviation of triplicates and compared using 
one-way A N O V A 3.1 p< 0.05 with ranking done by Tukey test. 
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3.3.2.1.6 M n P productivity 
The pattern of the change of M n P productivity across different substrates was similar 
to the above laccase productivity as shown in Figure 3.20, but the magnitude of the 
M n P productivity was 20 times less than the laccase productivity. Again, due to the 
high biomass gain, lignocellulosic substrates gave insignificant enhancement on M n P 
productivity; PCP raised the M n P productivity drastically and followed with 
phenanthrene. The remaining organopollutants did not further increase the M n P 
productivity much in addition to the insignificant solvent effect. 
3.3.2.2 Organopollutant removal 
After about 4-day organopollutant treatment, all the pollutants, except PCP, achieved 
more than 90% removal efficiencies (Figure 3.21). For PCP, more than 40% were 
removed at about 4-day time. In the total removal of organopollutants, biosorption 
contributed around 30% in D D E and benzo[a]pyrene removal (Figure 3.22). For 
Congo red, red colour was observed in the biomass of P. pulmonarius; since it was 
unsuccessful to desorb the azo dye out, quantification of the biosorption percentage 
was not done. Biosorption contributed less than 10% of the total removal of the 
other organopollutants, especially D E H P and naphthalene, biosorption contribution 
was undetectable and apparently the fungus degraded both of them completely. 
105 
120% 
100% - X 「 " T l I X y l T 
门 、： 二（f r T i 福 
广‘， '々為 《“ V ‘： 
o ， 夕 ？ ' ’ 
二 處 ”-、、 、， ‘ ‘ 
0 ~ /,- r. 
C •‘ - , ‘ ., 
� , - I I I I__,_I ‘ 
0% ^ ^ ‘ ‘ ^ ^ ‘ c l ^ ^ N a p h t h a l e n e P—-e Be柳l-rene 
Different Pollutant 
Figure 3 21 The effect of growth substrates and organopollutants on removal 
efficiencies by Pleurotus pulmonarius after 5-day incubation. An organopollutant 
was added at 18 hr after incubation at a concentration of 600 /M/g biomass while 
lignocellulosic substrates were added at a concentration of 2 % (w/v). DEHP， 
di(2-ethylhexyl) phthalate; D D E , l,l-dichloro-2,2-bis(p-chlorophenyl)ethylene; CR, 
Congo Red; Nap, naphthalene; Phe, phenanthrene; Bap, benzo[a]pyrene. Each data is 
represented by the mean 士 standard deviation of triplicates and compared using 
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Figure 3 22 The effect of growth substrates and organopollutants on sorption 
removal efficiencies by Pleurotus pulmonarius after 5-day incubation. An 
organopollutant was added at 18 hr after incubation at a concentration of 600 ^M/g 
biomass while lignocellulosic substrates were added at a concentration of 2。/。（w/v). 
D E H P di(2-ethylhexyl) phthalate; D D E , l,l-dichloro-2,2-bis(p-chlorophenyl)-
ethylene; CR, Congo Red; Nap, naphthalene; Phe, phenanthrene; Bap 
benzo[a]pyrene. Each data is represented by the mean 士 standard deviation of 
triplicates and compared using one-way A N O V A at p < _ with ranking done by 
Tukey test. 
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3.3.2.3 Differential gene expression under different stresses 
3.3.2.3.1 The effect on M n P m R N A s 
According to Figure 3.23，Tables 3.4 and 3.5, PCP inhibited the expression of 
PPMnPl, but enhanced the transcription ofPPMnPS. Methanol alone enhanced the 
transcription of PPMnPl, while acetone did not alter the expression of it. Many of 
the organopollutants studied inhibited the transcription of PPMnPl. Only Congo 
red and benzo[a]pyrene did not possess any effect on the PPMnPl gene expression. 
However, lignocellulosic substrates highly suppressed the expression of PPMnPl to 
zero. 
No significant difference in PPMnPl expression was demonstrated among controls, 
different organopollutants and lignocellulosic substrate treatments, except the cases 
with Congo red and naphthalene in which they enhanced the gene expression. 
Both solvents raised the expression of PPMnPS and so did straw and sawdust, in 
which they raised it to a greater extents. No enhancement effect on PPMnP3 gene 
transcription by organopollutants was observed. On the other hand, benzo[a]pyrene 
inhibited the transcription. For the other organopollutants, no significant effect was 
observed. 
Methanol inhibited the transcription of PPMnP4, while acetone did not affect the 
expression of it. At the same time, the expression of PPMnP4 gene was suppressed 
by lignocellulosic substrates, Congo red and benzo[a]pyrene. Only naphthalene 
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Table 3.4 A summary of the effect of solvent acetone and methanol on 
differential expression oflaccase and MnP-coding genes of Pleurotus pulmonarius 
M M Acetone Methanol 
PPMnPl - 0 yf 
PPMnP2 - 〇 0 
PPMnPS - yf ^ 
PPMnP4 - 〇 X 
PPMnPS - -sf 〇 
PPlacl - 〇 〇 
PPlac2 - V 〇 
PPlacS - 0 V" 
PPlac4 - 0 sj 
PPlac5 - X 〇 
PPlac6 - 〇 〇 
PPlac7 - 〇 
Key: Enhancement; X , Inhibition; O, No effect 
Table 3.5 A summary of the effect of organopoUutants and lignocellulosic 





PCP D E H P D D E Red Nap Phe BaP Straw Sawdust 
PPMnPl X X X O X X O X X 
PPMnP2 0 0 0 V 0 0 0 〇 
PPMnPS 〇 〇 〇 〇 〇 〇 
PPMnP4 O O O X ^ / O X X X 
PPMnPS V" 〇 〇 〇 〇 〇 〇 〇 X 
PPlacl ^ V" 0 0 V 0 4 4 
PPlac2 V V V ^ V V 0 V 
PPJacJ 0 X X X X X 0 V" X 
PPlac4 0 X X 0 0 0 0 〇 〇 
PPlac5 X X X X 0 0 0 〇 0 
PPlac6 V y f V V V ^ f V O O 
PPlac7 O X X O X X > / O V 
Key: Enhancement; X，Inhibition; O, No effect 
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Comparing the two solvents, acetone alone enhanced the transcription of PPMnP5 
gene，but methanol showed a neutral effect. Among all the organopollutants, only 
PCP raised the expression of PPMnPS. The transcription of PPMnPS was 
independent with the other organopollutants, but it was inhibited by sawdust not 
straw. 
3.3.2.3.2 The effect on laccase m R N A s 
According to Figure 3.23, Tables 3.4 and 3.5, PCP enhanced the transcription of 
PPlacl, PPlac2 and PPlacS, but inhibited the expression of PPlacS. 
Both solvents had no effect on the transcription of PPlacl gene. Many 
organopollutants enhanced the expression of it although DDE, Congo red and 
benzo[a]pyrene did not promote but maintained the level of transcription of PPlacl. 
Moreover, lignocellulosic substrates also enhanced the expression of PPlacl. 
The transcription level of PPlac2 was relatively high in comparison with the other 
laccase coding genes. Comparing the two solvents, acetone alone had already 
enhanced the transcription of PPlac2, but not methanol. PPlacl is very sensitive to 
organopollutants and lignocellulosic substrates. Nearly all the substrates tested 
promoted the expression of PPlac2, except benzo[a]pyrene. 
On the contrary, many organopollutants inhibited the transcription of PPlacS. Only 
PCP and berLZo[a]pyrene did not affect the expression of it. Methanol alone 
significantly enhance the expression. The expression of PPlac3 in response to two 
different lignocellulosic substrates varied. It was promoted by straw, but inhibited 
by sawdust. 
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The transcription level of PPlac4 was relatively low in comparison with the other 
laccase coding genes and the sensitivity was relatively lower. With the exception of 
the methanol enhancement effect on transcription, PAHs, PCP, congo red and even 
the lignocellulosic substrates did not alter the expression of PPlac4. Only DEHP 
and DDE inhibited the transcription. 
The transcription of PPlac5 was inhibited by acetone, but not methanol. Only 
PAHs and lignocellulosic substrates did not affect the transcription of PPlac5, while 
all the other organopollutants lowered the expression of PPlac5. 
No solvent effect was observed for PPlac6. However, all the organopollutants 
tested raised the transcription level of PPlac6. Lignocellulosic substrates did not 
alter the expression of PPlac6. 
The transcriptional response of PPlac? towards different organopollutants fluctuated 
a lot. DEHP, DDE, naphthalene and phenanthrene suppressed the transcription of 
PPlacl, PCP and congo red did not affect the expression of the gene, but 
benzo[a]pyrene enhanced the transcription. Sawdust promoted the transcription, 
while no significant effect was seen for the addition of straw. Methanol was a great 
enhancer for the transcription of PPlac? than all the other things. 
3.4 Construction of full-length c D N A 
Three genes PPMnPS, PPlac2 and PPlac6 were of interest and their full-lengths 
were worked out by the RACE method and sequenced; PCP enhanced expression of 
all three genes, all the tested organopollutants enhanced expression of PPlac2, and 




From the homology search of PPMnPS shown in Table 3.1，PPMnP5 is a novel gene 
found in P. pulmonarius. The cDNA contained a predicted open reading frame 
(ORF) of 1086 bp encoding 362 amino acids and is shown in Figure 3.24. The 
N-terminal sequence of the mature protein started from the Ala30, and the putative 
presequence of 29 amino acids is the signal peptide. The calculated molecular mass 
and isoelectric point of this protein is 38262 Da and 4.52 respectively. Several 
residues which directly involved in MnP peroxidase structure or catalytic activity 
were predicted by the computer program PROSITE (Gattiker et al. & Sig et al., 
2002). Residues in the proximal (H200, F217, D262) and distal sides of the heme 
cavity (R72, F75, H76，El02, N108) were active. There is also a substrate binding 
site at Pro 170. Two potential calcium ion binding residues (distal side: Asp77, 
Gly90, Asp92 and Ser94; proximal side: Ser200, Asp218, Thr220, Leu223 and 
Asp225) and one potential Mn]. binding residue (Glu65, Glu69 and Asp206) were 
also identified. This manganese peroxidase is a globular protein formed by 12 














Figure 3.24 The amino acid sequence of PPMnPS. The following marks are used: 
I 
dotted underline, signal peptide; C, Ca binding residues; H, heme pocket residues; 
9+ 
M, Mn binding site of mature protein. 
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M B 
Figure 3.25 A schematic diagram of the Pleurotus pulmonarius PPMnPS crystal 
structure. The schematic diagram was built by homology modeling (SwissModel 
server) and refined by RASMOL 2.6 (Sayle & Milner-White，1995);^ , calcium 
ion binding residue; Mn^^ binding residue; pink colour, a helices; blue colour, 
turns; yellow arrow, N- to C-terminal direction and white colour, other residues. 
Figure 3.26 A schematic diagram of the Pleurotus pulmonarius PPlac2 crystal 
structure. The schematic diagram was built by homology modeling (SwissModel 
server) and refined by RASMOL 2.6 (Sayle & Milner-White，1995); ^ r e p r e s e n t s 
copper binding residues. 
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Figure 3.25 A schematic diagram of the Pleurotus pulmonarius PPMnPS crystal 
structure. The schematic diagram was built by homology modeling (SwissModel 
server) and refined by RASMOL 2.6 (Sayle & Milner-White, 1995) ;^，calc ium 
ion binding residue; Mn!. binding residue; pink colour, a helices; blue colour, 
turns; yellow arrow, N- to C-terminal direction and white colour, other residues. 
Figure 3.26 A schematic diagram of the Pleurotus pulmonarius PPlac2 crystal 
structure. The schematic diagram was built by homology modeling (SwissModel 
server) and refined by RASMOL 2.6 (Sayle & Milner-White，1995); ^ r e p r e s e n t s 
copper binding residues. 
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3.4.2 PPlacl 
From the homology search of PPlac2 shown in Table 3.1, PPlac2 is also a novel 
gene found in R pulmonarius. The cDNA contained a predicted ORP of 1596 bp 
encoding 532 amino acids. The N-terminal sequence of the mature globular protein 
started from the Ala24, and the putative presequence of 23 amino acids is the signal 
peptide as shown in Figure 3.26. The calculated molecular mass and isoelectric 
point of this protein is 56564 Da and 4.8 (acidic), respectively. One putative 
polyadenylation signal (TATAAA) was identified close to the 5’-end, while another 
putative polyadenylation signal (CATAAA) was identified near the 3，-end. The 
PPlac2 protein contains two potential N-glycosylation site (Asn-X-Thr in which X is 
not proline; from Asn241 to Thr243; from Asn467 to Thr469). Residues for 
potential N-myristoylation (Gly20-Ile25 ； Glyl 06-Asp 111; Gly274-Phe279; 
Gly305-Ala310; Gly306-Ile311; Gly316-Asp321; Gly353-Ile358; Gly392-Ala397; 
Gly461-Asp466 and Gly463-Val468) and protein kinase C phosphorylation sites 
(Ser225-Lys227; Thr226-Arg228; Thr469-Arg471 and Thr525-Lys527) were also 
putatively identified . All the amino acid that serve as copper(II) ion ligands (10 
His residues and one Cys residue) are present in Figure 3.25 as 4 copper binding 
residues. 
3.4.3 PPlac6 
PPlac6 has a high homology with the PSlac2 gene in which the E-value was 0.0 as 
shown in Table 3.1. However, with the comparison at greater length, six different 
nucleotides along the nucleotide sequence were identified in the alignment of PPlac6 
with PSlac3, which resulted in a mismatch in Gly324. Therefore, PPlac6 is also a 
novel gene found in P. pulmonarius. The cDNA contained a predicted ORP of 1563 
bp encoding 521 amino acids. The calculated molecular mass and isoelectric point 
120 
of this protein is 57446 Da and 5.68 (acidic), respectively. With the low homology 
of those proteins in the Protein Database Bank (PDB), tertiary structure could not be 
built, but the characteristic features of PPlac6 could still be found. One putative 
polyadenylation signal (CATAAA) was identified closer to the 5'-end, while another 
putative polyadenylation signal (CATAAA) was identified at untranslated 3'-end. 
The PPlac6 protein contains 4 potential N-glycosylation site (Asn-X-Thr in which X 
is not proline; from AsnlOS to ThrllO; from Asn239 to Thr241; from Asn275 to 
Thr277 and from Asn455 to Asn457). Residues for potential protein kinase C 
phosphorylation (Ser4-Lys6; Thr21-Lys23; Ser228-Arg230 and Thr457-Arg459), 
N-myristoylation (Gly47-Thr52; Gly74-Thr79; Glyll9-Tyrl24; Glyl37-Phel42; 
Glyl93-Vall98; Gly289-Gly294; Gly290-Asn295; Gly342-Gly347; Xaa381-Gly386; 
Gly453-Phe458; Gly463-Trp468) and amidation (Gln216-Arg219) were also 
putatively identified. All the amino acid residues that serve as copper(II) ion 
ligands (10 His residues and one Cys residue) are present in Figure 3.26. 
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PPIac2 MFPGARILATLTLALHLLHGALAAIGPVGDMYIVNEDVSPDGFSRSAVVARSVPITGPTP 60 
PPIac6 MVLSTKLVALVASLPFVFAVTKKLDFHIRNDVVSPDGFER RAITVNGIFP 50 
: * : * 氺 ：氺： * : : * * : * * * * * * * 氺：：.：.* 氺 
PPIac2 ATASIPGVLVQGNKGDNFQLNVVNQLSDTTMLKTTSI S]WUGFFQAGSSWADGPAFVTQCP 120 
PPIac6 GTP——VILQ—KNDKVQIKTINELTDPGMRRSTSI MGLFQHKTSGMDGPSFVNQCP 104 
.氺. 氺：：* *.氺：氺：：.：*:氺：氺.氺：：氺氺氺氺氺**:** ：氺 氺.*氺氺 
PPI ac2 VASGDSFLYNFNVPDQAGTFWYS]SS]LSTQYCDGLRGPFVVYDPTDPHLSLYD IDNADTVI 180 
PPIac6 IPPNTTFLYDFDTAGQTGN丫WY§S§LSTQYCDGLRGSFIVYDPNDPLKHLYDVDDESTII 164 
: . . . ： * 氺 * ： 氺 氺 * * 氺 氺 氺 * 氺 氺 * 氺 氺 * 氺 氺 . * ： * 氺 *氺氺：氺：.*：* 
PPIac2 TLEDWYHIVAP QNAAKSHPDSTLINGKGRYAGGPTSPLAVINVESTKRYRFRL 233 
PPIac6 TLADWYHDLAPHAQNQFFQTGSVPIPDTGLINGVGRFKGGPLVPYAVINVEQGKRYRFRL 224 
氺氺氺氺氺氺：*氺 本 . .： .氺氺： *氺 * *氺 * : 氺氺氺 * *氺*氺*氺.氺氺氺氺氺氺氺 
PPIac2 VSMSCDPNFTFSIDGHSLLV1EADAVNI VP ITVDSIQIFAGQRYSFVLTADQTPDNYWIR 293 
PPIac6 IQISCRPFFTFSIDNHTFDAIEFDGIEHDPTPAQNIDIYAAQRAS11VNANQTIDNYWIR 284 
. : * * * * * 氺氺氺 *： : .氺氺 *. ： * .. : . * : * : * . * * *：：：.氺：*氺 *氺氺氺氺氺 
PP1ac2 ANPN——LGSTGFA6GINSAILRYVGAADADPTTTSSTS-TPLLETNLVPLENPGAPGP 348 
PPIac6 APLTGGNPA6NPNLDVSLIRAILRYKGAPAVEPTSVATTGGHKLNDADMHPIAQEG-PGN 343 
* * . . . : : 氺氺氺氺氺氺氺..：*氺：.：：*. * ：：：：氺：：* * * 
PPIac2 AVPGGADININLAMAFDFTTFELTINGVPFHPPTAPVLLQILSGASSAASLLPSGS1YEL 408 
PPIac6 LGTGPPDMA1TLNIAQPNPPF-FDINGISYLSPSVPVLXQMLSGARKPQDFLPSEQVIIL 402 
.氺 氺氺：氺 . . * : * *氺：.：. * : . * * * *：氺*** .. . ：*氺氺• ： * 
PPI ac2 APNKVVEI SMPALAVGGPS1pf|_5]GHTFDV 1RSAGSTTYNFDTPARRDVVNTGTGANDNV 468 
PP 丨 ac6 PANKLIEVSIPG---AGA^PFSLIGHTFDIVRVSNSDVVNLVNPPRRDVLPINGG—-NT 456 
. . * * : : * : * : * . . *.氺氺氺****氺氺**： : * ：. * . 氺 ： • *• *氺**： •氺 *. 
PP |ac2 Tl RFVTDNPGPWFLH I DWfflLE IGLAVVFAEDVTSI SAP PAAWDALCPIYDAL 522 
PP I ac6 T F R F F S G N S G A W F L H I DWSLEAGLAVVFAERPAEVNEGEQAQ IVTQDWRTLCPAYDGL 516 
*:氺水.：.*.*. *氺氺*氺氺**氺**氺*氺氺氺**氺* :. :. * ：*氺* *氺.* 
PPIac2 SDTDKGGI1P 532 
PPIac6 APEFQ 521 
Figure 3.27 An alignment of deduced amino acid sequences of PPlac2 and PPlac6 
of Pleurotus pulmonarius. *, Amino acid conserved between the two sequences;:, 
amino acids are very similar between the two; and .，amino acids are similar between 
the two. Ten His residues and one Cys residue represent the amino acids that serve 
as Cu2+ ligands and are shown in white on a black background. 
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4 Discussion 
4.1 Optimization of P C P induction in broth system 
PCP has been designated as a restricted use pesticide (RUP) since 1984 by USEPA 
(http://www.epa.gov/pesticides/) due to its high toxicity to human and animals. It is 
now under restricted uses in wood treatment and as an antimicrobial (biocide) only, 
not for general commercial and residential uses. It causes uncoupling of oxidative 
phosphorylation, which resulted in disruption of normal production of ATP by 
bypassing the ATP synthase complex. Therefore, the mycelial growth of P. 
pulmonarius was largely inhibited as shown in Figure 3.6. Moreover, P. 
pulmonarius did not grow after exposure to PCP at a concentration of 2000 /xM 
PCP/g biomass, which was equivalent to 15.8 fig PCP/mg mycelium in 30 mL broth 
(0.0190 g biomass; 10.0067 ppm PCP). In comparison with the Phanerochaete spp. 
especially Phanerochaete chrysosporium, which is the most extensively studied 
white rot fungus, the growth of P. chrysosporium in a similar medium was stopped 
for PCP at dose of <17/xg PCP/mg mycelium (Alleman et al., 1992). Therefore the 
minimum inhibitory concentration of PCP on fungi is at 16-17 /xg/mg mycelium. In 
my research, PCP concentration was expressed in molar per dry weight of mycelium, 
which is different from the commonly applied unit "mg/L" or "ppm" in the medium. 
This is because I needed to compare the change of enzyme activities in response to 
different organopollutants in another part of my study. A standardized concentration 
is then essential for comparison so that all the pollutants have the same number of 
molecules interacting with the fungus. 
Since no lignin peroxidase was detected in cultures of P. pulmonarius grown as with 
the reports on P. sajor-caju (Fu et al., 1997; Varela et al., 2000; Tsang, 2003)，P. 
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pulmonarius apparently only utilized two ligninolytic enzymes MnP and laccase for 
lignin degradation. In this experiment, high carbon and high inorganic nitrogen 
(HC/HN) mineral medium was used. From the result obtained, it was shown that 
MnP and laccase activities were both detected in this defined medium as basal 
constitutive levels, which was consistent with Chiu et al. 1998 that Pleurotus 
pulmonarius produced ligninolytic enzymes at both rich and poor N conditions. 
Moreover, most studies describe a low N as a trigger for the ligninolytic enzyme 
production in P. chrysosporium, and this high carbon and high nitrogen condition 
would not trigger the ligninolytic enzyme activities of P. chrysosporium too (Kaal et 
al., 1995; Reddy & Mathew, 2001). As a result, any enhancement effect of PCP on 
the ligninolytic enzyme production by P. pulmonarius or P. chrysosporium would be 
significant and clear. However, this contrasts with the findings that ligninolytic 
enzyme activities of P. sajor-caju were relatively higher under both low and high 
nutrient nitrogen medium (Fu et al., 1997). Yet the difference in the research 
findings may be due to the difference in the content of the defined medium used 
and/or difference in Pleurotus strains used. 
The de novo MnP and laccase biosyntheses were enhanced and activities were 
maintained at relatively high levels after the addition of PCP to the system. These 
results were consistent with the findings that there were enhanced production of 
laccase and MnP by white rot fungi in the presence of chlorophenols (Grey et al., 
1998; Mai et al., 2000; Duran et al., 2002). The high toxicity of PCP towards the 
fungus may trigger the production of extracellullar ligninolytic enzyme to initiate 
one-electron oxidation, thereby generating cation radicals of PCP. The cation 
radicals may undergo spontaneous chemical reactions such as C-C cleavage or 
hydroxylation resulting in more hydrophilic products (Mester & Tien，2000)，so that 
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the highest MnP and laccase productivities were at Day 3. The results obtained 
reveal that laccase activity was 10 times higher than the MnP activity in general 
(Figures 3.2 & 3.3). So laccase was the predominant ligninolytic enzyme of P. 
pulmonarius for the PCP degradation. 
PCP removal efficiency decreased with an increase in PCP concentration as shown in 
Figure 3.8. The removal of PCP with concentration of 400 IJLM PCP/g biomass was 
the highest and the lowest at 2000 /xM PCP/g biomass. In general, the lower the 
PCP concentration was, the better the mycelial growth was, and the more removal of 
PCP was. This is supported by the study that residual PCP concentration increased 
with the increase in initial PCP concentration after the treatment by different fiingi 
(Alleman et al., 1992). Ligninolytic enzymes increased immediately after the 
addition of PCP, but the significant increase in PCP removal was started at Day 5 and 
not Day 3. Maximum PCP removal rate (between Day 7 and Day 9) coincides with 
the maximum specific laccase activity at Day 7. This demonstrates that there was a 
time lag of about a day or two between enzyme activities and PCP removal with the 
prior appearance of enzymes. 
With PCP concentration at or below 600 fiM PCP/g biomass, when the PCP removal 
percentage was more than 80% at Day 9, laccase and MnP activities dropped and 
remained stable respectively. This may be explained by the fact that the PCP 
concentration had dropped down to the tolerance level and it may no longer be 
harmful to the fungus. The fungus did not necessarily produce extracellular 
ligninolytic enzyme to breakdown PCP for protecting itself. Basal levels of laccase 
and MnP in the MM medium were detected, and these enzyme may be involved in 
other essential biological roles. It has been reported that laccase is associated with 
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pigment synthesis and sporulation in Lentinus edodes (Leatham & Stahman，1981)， 
oxidation of humic acids (Scheel et al., 1999) and also fruiting body formation in 
Agaricus bisporus (Wood, 1980). However, past studies have focused on the 
ligninolytic ability of MnP and its use in organopollutant removal is hardly reported. 
Except the direct involvement in breakdown of lignocellulosic substrates, the 
biological roles of them remains uncertain. However, with PCP concentration at 
1000 fiM PCP/g biomass, the PCP removal was maintained at about 40% from Day 7 
to Day 9. Laccase activity dropped, but the MnP activity increased on the contrary. 
This demonstrates that the removal of PCP should not be solely relying on the 
extracellular ligninolytic enzyme activities; other extra- or intracellular enzymes 
should also be involved. The multi-step pathway can be either initiated by laccase-
or MnP-catalysed oxidative dechlorination reaction to produce their corresponding 
quinone (Reddy & Gold, 2000) or an intracellular o-hydroxylation of PCP (Duran et 
al., 2002). Successive reductive dechlorination and hydroxylation can be further 
undertaken. The complete picture for the enzyme interactions and the parameters 
that affect the composition of enzymes are still not clear, but one thing is certain that 
PCP concentration would affect the ligninolytic enzyme composition. 
4.2 Isolation of M n P and laccase coding genes 
In the usual practice, the isolation of target cDNAs from an organism would use 
cloning or construction of cDNA library. For cloning, scientists would firstly use 
degenerate primers to amplify a fragment using PCR and then cloning will be done 
in order to get single colonies of their target genes and hopefully they will get as 
many different genes as possible. For the construction of cDNA library, the target 
clones are isolated by screening the library with the antibody. Further subcloning 
and selection are needed for getting the target one. However, there are limitations 
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for both methods. Firstly, these methods are time consuming. It may take nearly a 
month or more to complete. Secondly, the condition used for the isolation of RNA 
would alter the genes that would be obtained, so that some of the genes do not 
express in that particular condition and the complete pool of isozymes cannot be 
obtained. To improve this situation, I have incorporated the dendrogram 
construction to the cloning method in order to isolate as many genes encoding the 
isoforms of MnP and laccase as possible. In this experiment, 4 clones for laccase 
and 2 clones for MnP were isolated. Dendrograms were then constructed using the 
laccase and MnP genes of Pleurotus species available on the GenBank. Specific 
primers were then designed for each specific clades. Due to the high homology 
among Pleurotus species, PGR products were amplified and sequenced, novel genes 
could be obtained. This method is faster and more economic than the conventional 
cloning method. The only drawback for this is that the number of target genes from 
related species on the GenBank cannot be too small, so that the gene pool would be 
bigger and the number of clades generated can be more. The limitation for this latter 
approach was the inability to isolate any novel genes not fall into a particular clade of 
the dendrogram constructed. 
Five MnP genes were isolated from P. pulmonarius and they are all novel in nature 
and do not share 100% homology with any known Pleurotus genes. PPMnPl and 
PPMnPS have high homology (98%) between themselves and they should belong to 
the same gene family. In the case of laccase gene, these seven laccase genes were 
novel in the sense that no R pulmonarius laccase genes have ever isolated from other 
researchers. However, in terms of homology, only six out of seven of the laccase 
genes do note share 100% homology with any known Pleurotus genes. PPlacl and 
PPlacl have high homology (99%) between themselves and they should come from 
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the same gene family. 
4.3 Differential regulation profiles of M n P and laccase genes 
From the result obtained, it was shown that the specific laccase activity was the 
highest at 600 /xM PCP/g biomass PCP concentration among the series of PCP 
concentrations tested, while relatively high specific MnP activity was also attained at 
600 and 1000 /xM PCP/g biomass. However, the removal efficiency for PCP with 
1000 jixM PCP/g biomass concentration was just less than half of that with PCP 
concentration of 600 /xM PCP/g biomass. Therefore, the optimum PCP 
concentration used for the following experiment was 600 /xM PCP/g biomass. 
4.3.1 The effects incubation time and P C P on levels of M n P and laccase 
m R N A s 
In P. chrysosporium, the effects of incubation period and Mn^^, hydrogen peroxide 
and other organic stresses on MnP gene expressions were examined. In broth 
system, significant induction in MnP transcript was reached after one hour exposure 
(Brown et al., 1993; Li et al., 1995), while induction effect of fluorene or chrysene 
was monitored day by day and reached a maximum at 4 to 5 days in soil system 
(Bogan et al., 1996). Similarly the effect of induction by copper (II) from 0 to 48 hr 
was examined with laccase of Trametes pubescens (Galhaup et al., 2002). In order 
to have a complete picture and have a better coverage of the gene expression 
enhancement time frame, the first sampling point was made at 4 hour and lasted up 
to 48 hr. Both transient and persistent expression of the MnP and laccase-encoding 
genes were detected. 
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4.3.1.1 M n P 
The transcription levels of PPMnPl, PPMnPS and PPMnP4 were lower than those 
of control instantly with the addition of PCP (Figure 3.14). This may indicate that 
these three genes were sensitive to the toxic effect of PCP. However, the gene 
expressions were not stable and fluctuated until 96 hours; the inhibitory effect of PCP 
on them gradually disappeared. Therefore, the expression of these three genes 
should be independent with PCP. On the other hand, the inhibitory effect of PCP on 
PPMnPl transcription and enhancement effect on PPMnPS transcription became 
observable at 48 hours. Under the condition that MnP activity was raised by PCP 
and became significant not later than 48 hours, the enhancement effect on the 
production of PPMnPl could overcome the inhibitory effect on the production of 
PPMnP5 and/or there are more MnP genes to be discovered and which are promoted 
by PCP. 
The effect of PCP on the transcript level of several MnP genes was not clear until 
48-96 hours after incubation. In comparison MnP gene expression of 
Phanerochaete chrysosporium triggered by manganese ion, hydrogen peroxide and 
other chemical stresses in broth system started as quickly as 1 hour after incubation 
(Li et al., 1995). 
4.3.1.2 Laccase 
The transcription levels of PPlacl, PPlacS and PPlac? under PCP stress were lower 
than those of control instantly with the addition of PCP (Figure 3.14). The degree of 
inhibition was the greatest for PPlacS and the effect continued and did not cease. 
This may indicate that PPlac5 was the most sensitive and responsive laccase gene 
towards the toxic effect of PCP. The gene expressions of PPlacS, PPlac4 and 
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PPlac? were not stable and fluctuated until 96 hours; the inhibitory effect of PCP on 
the transcript level of PPlac? gradually disappeared. Therefore, the expression of 
these three genes should be independent of PCP. Oh the other hand, the PPlacl, 
PPlac2 and PPlac6 transcripts continued to accumulate markedly after incubating 
the fungus with PCP for 24 hours; the inhibitory effect of PCP on the gene 
expression of PPlacS became significant also after 24 hours of incubation. Laccase 
activity was raised by PCP dramatically and got significant starting from 48 hours, 
which corresponded to markedly increase in the three transcripts. The enhancement 
effect on the production of PPlacl, PPlac2 and PPlac6 could overcome the inhibitory 
effect on the production of PPlac5, or there are more undiscovered laccase genes that 
are promoted by PCP. 
In comparison with Trametes pubescens, the PPlacl, PPlac2 and PPlac6 transcripts 
of P. pulmonarius responded at a later time. Ten hours after copper addition, clearly 
visible levels of the transcription of laccase gene were detected in T. pubescens, 
corresponding to a measurable laccase activity in the culture medium (Galhaup et al., 
2002). 
4.3.2 Regulation of M n P and laccase by different substrates 
This is the first study examining several organopollutants of different natures for 
their effects on ligninolytic enzyme activities and gene expression. In this study, I 
have: a chlorophenol, PCP; a family member of DDT; DDE; a phthalic acid ester, 
DEHP; 3 PAHs and also an azo dye. The effect of two commonly used 
lignocellulosic substrates (straw and sawdust) on the expression of ligninolytic 
enzyme coding genes was carried out, so that the potential usage of these on 
bioremediation can be studied. 
150 
As shown in Table 3.4 and Table 3.5, the effect of PCP on the transcript level of MnP 
and laccase genes got clear and stable after 2 to 4 days in general. Moreover, both 
MnP and laccase activities were promoted and maintained at high levels. Therefore, 
Day 5 that is 4 day after the addition of PCP was selected as the treatment period for 
assaying the ligninolytic enzymes and their corresponding gene expression. 
Moreover, the concentrations of all the organopoUutants used were standardized to 
600 /xM /g biomass. This concentration was selected because it is the optimum 
effective concentration for PCP induction. The organopollutant effect on MnP and 
laccase activities and gene expressions could then be compared. The unit molar 
was used instead of mg/L (ppm) because the molar ratio of each of the specific 
organopoUutants to the fungus would be the same. 
4.3.2.1 Regulation of M n P and laccase activities 
MnP and laccase activities were largely increased by PCP but not by other 
organopoUutants. This deviation may be caused by the differences in chemical 
properties. Both MnP and laccase are able to oxidize various phenols. However, 
the redox potential of laccases (-0.5 - 0.8 V) does not favor the initial oxidation of 
nonphenolic compounds. Mediators/cooxidants have been shown to allow laccase 
to oxidize nonphenolic compounds which have redox potentials beyond that of the 
enzyme (Majcherczyk et al,, 1998; Pickard et al” 1999). Similar to laccase, the 
broader substrate range of MnP may rely on the presence of unsaturated fatty acids or 
“thio，，compounds (Mester & Tien, 2000). Therefore, neither observable 
enhancement nor inhibitory effect of MnP and laccase activities was produced by 
various organopoUutants. This observation is different from previous reports 
(Bogan et al., 1996; Pickard et al., 1999). Nevertheless, the contribution of both 
ligninolytic enzymes on the degradation of these aromatic compounds may not be 
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equivalent to zero. They may be involved in the subsequent C-C cleavage or 
oxidation steps. 
In comparison with the organopollutants, lignocellulosic substrates drastically raised 
the MnP and laccase activities, at extents even higher than the enhancement effect by 
PCP. Lignocellulosic substrates were the nutrient sources of the fungus. The 
breakdown of them provides carbon and energy sources to them. As a result, the 
biomass developed quickly together with the ligninolytic enzyme production (Figure 
3.18). Ligninolytic enzyme productivities per biomass were not high, but the 
accumulated total sum of ligninolytic enzyme produced was then big. On the 
contrary, biomass growth would not be promoted and even may get suppressed by 
organopollutants (like PCP). Organopollutants are toxic to the fungus and they 
should stimulate the fungus to produce extracellullar or intracellular enzymes for 
defensive response so as to protect itself. The degree of the sharp enhancement 
effect of ligninolytic enzyme production relies on the toxicity and the chemical 
nature of certain organopollutant to the fungus (like redox potential, phenolic or 
nonphenolic structure, etc). From the result (Figures 3.16 to 3.20)，it can be 
concluded that PCP is a unique substance towards P. pulmonarius in switching on the 
ligninolytic enzyme system. 
4.3.2.2 Organopollutant removal 
The phenolic nature of PCP allowed direct initiation of oxidation by laccase and MnP. 
In terms of the degradation efficiency, the removal efficiency reached only 40% 
when compared with naphthalene or benzo[a]pyrene which reached more than 90%. 
The reason for this is uncertain. It is possible that the degradation of PCP rely solely 
on the ligninolytic enzyme system, while an integrated intracellular and extracellullar 
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system was involved for the removal of nonphenolic compounds. 
It was believed that the important criterion for the oxidation of PAH by ligninolytic 
enzymes is not only the PAH ionization potential (IP). The structural variations and 
the chemical reactivity are also very important. The PAH used in this study 
represent compounds with 3-5 aromatic rings. However, no significant correlation 
between the ring number and reactivity of the compounds was found. The 
ionization potentials of naphthalene, phenanthrene and benzo[a]pyrene are 8.13，7.91 
and 7.12 eV, respectively (Majcherczyk et al,, 1998). However, the degradation of 
naphthalene, phenanthrene and benzo[a]pyrene has not been correlated to their 
ionization potentials; the removal efficiencies for the three PAHs, naphthalene, 
phenanthrene and benzo[a]pyrene, were similar and reached more than 90%. PAHs 
are hydrophobic and may nonspecifically bind to glassware. Thus, part of the PAH 
loss may have been due to adsorption on glassware. Moreover, some of them may 
be lost by volatilization. A combination of both of them contributed 5 to 29% of the 
total removal. This indicates P. pulmonarius degrade PAHs effectively regardless 
of the ionization potential, ring number and chemical reactivity of the PAH. 
Actually crude enzyme preparation from the spent compost of P. pulmonarius 
degraded various PAHs (Lau et al” 2003). 
The production of MnP and laccase did not correlate directly to the metabolisation of 
PAH because no corresponding quinines was formed and also no enzyme 
enhancement effect was seen. This is consistent with the previous finding 
(Schiitzendtibel et al., 1999). This could indicate a different pathway than the 
commonly expected extracellullar degradation pathway as reported by P. 
chrysosporium was undertaken by P. pulmonarius in this experiment. LiP of P. 
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chrysosporium can oxidize PAH up to an IP of 7.55 eV (Hammel et al., 1986)，and 
MnP in manganic acetate-acetic acid systems is capable of oxidizing compounds 
with IPs of <7.8 eV (Cavalieri et al., 1985; Zheng & Obbard，2002). Moreover, the 
catalyzing mechanism for the oxidation of phenanthrene (a compound with a higher 
IP, i.e. 8.03 eV) was identified to be MnP-dependent lipid peroxidation (Moen & 
Hammel, 1994). Initial oxidation of PAHs via intracellular cytochrome P-450 
mechanism like P. ostreatus (Bezalel et al., 1997) could also be one of the reasons. 
Without the presence of mediating substrates both laccase and MnP may be involved 
in the subsequent oxidative steps like ring cleavage. The high oxidative potential 
generated by extracellular enzymes in later oxidation stages can enhance PAH 
degradation or may displace the previous mechanism (Schiitzendiibel et al., 1999). 
DEHP is a phthalic acid ester (PAE) with longer alkyl-chains. No previous study 
has ever used fungal system to degrade DEHP. Only bacteria from river sediment, 
petrochemical sludge and also garden soil have proved to be actively involved in the 
degradation of DEHP, but the degradation efficiency were not high. The removal 
efficiency of 5 ppm DEHP by one of the isolated bacteria was as low as 56.9% over 
7-day incubation, which is a lot lower than 92.6% obtained in this experiment 
(Shanker et al； 1985; Chang et al., 2004). In this experiment, 90% degradation 
were reached for DEHP, but no changes in ligninolytic enzyme production was 
observed. My result confirms that fungal system should be a good candidate for the 
biodegradation of phthalic acid ester, although the degradation pathway involved is 
not understood. Further studies on the nutrient effects or the difference in fungal 
strain on the degradation of phthalic acid ester could be done. As mentioned above, 
ligninolytic enzymes may not initiate the breakdown process and the involvement 
may not be high, but it is likely to contribute in the subsequent reactions. 
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DDE has been considered as a dead-end metabolite of DDT formed under oxidizing 
conditions, but recent reports indicate that it can be metabolized by chlorobiphenyl-
degrading bacteria under aerobic conditions (Hay & Focht, 1998; Aislabie et al., 
1999). Biphenyl-utilizing bacteria have been shown to degrade DDE via 
me^a-fission pathway (Hay & Focht, 1998)，but the removal efficiency is not high in 
broth system with less than 40% removal. Fungal system has also been tested for 
their biodegradation ability over DDE in both liquid and soil system, but the removal 
efficiencies were low or the time required would be long (Bumpus et al., 1993; Gong, 
2004). In this experiment, DDE was degraded by R pulmonarius over 60% and 
adsorbed by mycelia around 30%. It is a lot higher than 6% removal of 0.32 mg/L, 
which is equivalent to 1 /xM DDE in 60-day culture of P. chrysosporium in broth 
system (Bumpus et al., 1993). The deviation may be due to the difference in 
inoculum sizes and the concentrations used. The relatively higher DDE 
concentration to biomass ratio used in this study may enrich the toxic effect of DDE 
towards P. pulmonarius so that protective and defensive mechanism was switched on 
and the degradation of DDE was largely increased. 
Incubation of Congo Red with fungal cultures resulted in no observable promotion in 
MnP and laccase activities, but the removal efficiency was 100%. The red colour of 
the mycelia demonstrated that adsorption of Congo Red on the mycelia should 
contribute part of the removal. This phenomenon is similar to the condition in R 
chrysosporium that LiP isolate did not decolorize Congo Red (Cripps et aL, 1990). 
It appears that a number of enzymes, or enzyme systems other than MnP and laccase, 
expressed at the onset of idiophasic metabolism, must be involved in the breakdown 
of these dyes and are perhaps responsible for the initial step in the degradation of 
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Congo Red. 
From the results, it is obvious that MnP and laccase production are independent with 
the non-phenolic organopollutants and maintained at a basal level. Only PCP can 
increase their production. They are likely not the key enzymes for the degradation 
of these organopollutants in P. pulmonarius in this broth system except PCP, but past 
studies had demonstrated that isolated ligninolytic enzymes could be used to degrade 
these organopollutants (Majcherczyk, 1998; Yuen, 2003). 
4.3.2.3 Regulation of M n P coding genes 
As shown in Figures 3.17 and 3.20, only PCP from all the organopollutants 
significantly enhanced the specific MnP activity or MnP productivity. However, 
when we looked at the transcriptional response of the five MnP coding genes, in 
addition to PCP, Congo Red, naphthalene, phenanthrene also enhanced the 
transcription of some of the MnP coding genes. The reason behind this may be the 
condition that transcription induction may not result in translation. From the 
revision of the structure of MnP genes of white rot fungi, the promoter regions of 
MnP genes contain putative heat shock elements, xenobiotic response elements and 
metal response elements, which should be involved in the initiation of the 
transcription of MnP genes (Gold & Alic, 1993; Li et al., 1995 and Gold et al, .2000). 
A wide variety of chemical agents like, ethanol, aromatics, chlorophenols and also 
PCP are know to induce heat-shock-like response in fungal system (Li et al” 1995; 
limura & Tatsumi，1997 and limura & Tatsumi, 2002). However, Mn or other 
enhancers may be needed for the posttranslation of the MnP genes so as to be able to 
secrete to the outside (Li et al., 1995). Moreover, the inhibition of one gene 
expression may be overcome by the enhancement effect of another gene, so that the 
MnP activity was not affected. It is clear that the transcription induction by PCP 
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can result in translation of MnP, which is different from all the other organopollutants. 
This suggests that response elements or enhancers may be turned on by PCP, so that 
PCP could increase the transcription level and result in large enzyme production in a 
unique way. Only PPMnPS transcript among the five MnP genes was enhanced 
solely by PCP, which resulted in increase in MnP production and PCP removal. 
Thus, it is PCP specific and is a PCP degradative gene. 
Another situation was that even though inhibition in transcription of some MnP 
genes together with no enhancement in all MnP gene expressions were brought by 
DEHP, DDE, naphthalene and benzo[a]pyrene together, the enzyme activity of MnP 
was not lowered. This indirectly suggests that P. pulmonarius should have more 
than 5 MnP genes, so that those non-discovered MnP genes are responsible for the 
continuous stable production of the extracellular MnP in high-carbon, high nitrogen 
medium. Or these pollutants regulated the enzyme molecule and promoted the 
enzyme activities. Further study of P. pulmonarius MnP genes and enzymes is 
needed. 
PPMnPl is probably not the key isozyme to respond to different chemical stresses, 
even though the transcription level was the highest among the 5 MnP genes. On the 
other hand, PPMnP3 should be the major and specific isozyme for degrading 
ligninocellulosic substrates, so that transcript level of PPMnPS was promoted by 
lignocellulosic substrate only and coincided with the increase in MnP activity and 
MnP productivity. 
4.3.2.4 Regulation of laccase coding genes 
As shown in Figures 3.17 and 3.20，all the laccase genes are apparently constitutive. 
Methanol alone also activated PPlacS and PPlac4 transcription, which is consistent 
with the finding in heterologously expressed Trametes sanguinea lad sourced from 
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Pichia pastoris (Hoshida et al., 2001). PPlac4 and PPlac5 transcripts were both 
apparently not responsible for the production of laccase isozymes under the 
stimulation of organopollutants and nutrient stresses. The transcription of these 2 
genes was even inhibited by PCP, DEHP, DDE or naphthalene. This may suggest 
that they may be involved in other physiological functions, e.g. fruiting body 
formation and sporulation (Mayer & Staples, 2002). 
The transcription level of PPlac6 was enhanced across all the organopollutants tested, 
but not responsive to lignocellulosic substrate; while for PPlacl and PPlac2 
transcripts, the expression of both of them were increased by all the lignocellulosic 
substrates and most of the organopollutants. PPlacl and PPlac2 transcripts should 
be the major transcripts responsible for the high laccase production under PCP and 
ligninolytic conditions while PPlac6 transcript is solely responsive to 
organopollutant stresses. PPlacl, PPlac2 and PPlac6 transcript should be the 
major PCP degradative genes while PPlacl and PPlac2 transcripts are essential for 
ligninocellulose degradation. Laccase functions as a protective mechanism based 
on the stimulation of aromatic compounds (Soden & Dobson, 2001). The 
putatively identified antioxidant response elements (ARE) (TGACNNNGC) in P. 
sajor-caju lac4 (Soden & Dobson, 2003), with high homology with the nucleotide 
sequence with PPlacl and PPlac2, may also be present in the promoter regions of 
these two genes. The ARE has been shown to be involved in induction by phenolic 
antioxidant in mammalian cells (Rushmore et al., 1991), in which PPlacl and PPla2 
genes may be mediated by homologues of these regulatory proteins. PCP and 
phenolic-like lignocellulosic substrate could therefore enhance PPlacl and PPla2 
expression. Moreover, xenobiotic response element (XRE) (TCACGC) has also 
been identified in promoter regions of different genes of white-rot fungi (Giardina et 
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al., 1999; Soden & Dobsen, 2003) and is involved in activation of transcription by 
aromatic compounds. The cross organopollutant enhancement effect on the 
transcript levels of PPlacl, PPlac2 and PPlac6 may suggest that the upstream region 
of the promoter of these 3 genes contain XRE. The transcription of PPlacS is 
interestingly to be enhanced solely by straw. PPlac3 isozyme should contribute the 
large amount of laccase production at the presence of straw. The PPlac? transcript 
was only enhanced by benzo[a]pyrene and the nutrient substrate sawdust. Among 
all the organopollutants tested, it seems to respond specifically to benzo[a]pyrene. 
At the same time, PPlac7 transcript should also contribute to the high laccase 
production under the presence of sawdust. Thus PPlac? is apparently sawdust 
degradative and specific among lignocellulosic substrates. 
Interestingly, only PCP among all the other organopollutants significantly enhanced 
the specific laccase activity or laccase productivity. However, when we looked at 
the transcriptional response of the 7 laccase coding genes, all the organopollutants 
activate the transcription of at least one laccase gene. This implies that 
transcription could not result in the translation of corresponding laccase for 
nonphenolic compound stimulations. As mentioned before, the redox potential of 
laccases (-0.5-0.8 V) does not favor the initial oxidation of nonphenolic compounds. 
Mediators/cooxidants (2,5-xylidine, ferulic acid and 1 -hydroxybenzotriazole) have 
been shown to allow laccase to oxidize nonphenolic compounds, which have redox 
potentials beyond that of the enzyme (Majcherczyk et al.’ 1998; Pickard et al., 1999). 
It is possible that they are needed for the post-transcriptional modulation processes 
for the mature protein production. Therefore, activation of laccase gene 
transcription by non-phenolic and non-lignin like structure did not result in 
ligninolytic enzyme activity promotion. 
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All these suggest the presence of distinct regulation mechanisms of laccase gene 
expression in P. pulmonarius and different physiological roles for these genes. 
More importantly, ligninolytic enzymes responded to organopollutant and 
lignocellulosic stresses within four days at transcription level regardless of the 
absence in change of the corresponding enzyme activities. Further investigation is 
needed to clarify the roles of these genes and identify the key factors that control the 
translation of these isozymes. 
4.4 Characterization of full length cDNAs of PPMnPS, PPlacl and PPlac6 
4.4.1 PPMnPS 
In this study, I isolated a novel full-length PPMnPS mRNA encoding a MnP 
peroxidase isozyme from P. pulmonarius, in which the transcript level enhanced 
specifically by PCP. A comparison of mature protein lengths reveals differences 
among white rot fungi. The peroxidase PPMnP5 is similar to the Pleurotus 
peroxidases (333 amino acids), P. ostreatus MnP (331-337 amino acids), P. eryngii 
MnP (331-339 amino acids), Poria subvermispora MnP (364-369 amino acids), P. 
chrysosporium MnP (357-358 amino acids) and Trametes versicolor MnP (338-339 
amino acids). All the peroxidases have signal peptides formed by 20-31 residues. 
Sequence comparison after multiple alignment of the 6 fungal MnP sequences 
(Figure 4.1) shows that 119 amino acid residues (shown with *) are conserved in all 
of them, and 79 additional residues (shown with :) in more than 50% of the 
sequences. The deduced amino acid sequence of P. pulmonarius MnP peroxidase 
PPMnPS showed the highest similarities with the MnP (96% identity) from P. 
ostreatus, but it is interesting to note that the identity between peroxidase PPMnPS 
and the P. eryngii peroxidase MnPl (65% identity) was relatively low. In taxonomy, 
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p. pulmonarius is phylogenetically more related to P. eryngii than to P. ostreatus. 
The differences are large for the P. chrysosporium peroxidase MnPl (46% identity) 
and P. subvermispora peroxidase MnPl (42% identity). 
Substrate specificity is most likely modulated by changes near the surface without a 
substantial modification of overall topography (Poulos et al., 1995; Martinez, 2002). 
Therefore PCP specific modulation is not likely to be seen from the schematic 
o丄 
diagram. MnP contains a Mn binding site which is required for the peroxidase 
activity and this binding site consists of a heme propionate, 3 acidic ligands (2 
glutamic acid residues and one aspartic acid residue), and 2 water molecules 
(Camarero et al., 2000; Maeda et al., 2001; Martinez, 2002). 
161 
PP-MnP5 MT1ASLSALVLAFAATVQVAQAVS—LPQKRATCAGGQVTAN-AACCVLFPLMEDLQKNL 57 
PO-MnPI MTFASLSALVLVFAVTVQVAQAVS—LPQKRATCAGGQVTAN-AACCVLFPLMEDLQKNL 57 
PE-MnPl MAFAKLSAFVLALGATVALGESPTHRCLNKRVTCATGQTTAN-EACCALFPILDDIQTNL 59 
TV-MnP1 MAFKTLASLLSVLVTIQVAGGALT RRVACPDGVNTATNAACCQLFAVRDDIQQNL 55 
PC-MnP1 MAFKSLIAFV-ALAAAVRAAP TAVCPDGTRVSH-AACCAFIPLAQDLQET 丨 49 
PS-MnP1 MAFASLLALV-ALAATVRAAPSSS SVTCSDGTVVPD-SMCCDFIPLAQDLQSMV 52 
氺：： .氺：：： .： . . . . * . * •. 氺氺：：•：：本：氺： 
peroxidase res. B BB 
PP-MnP5 FDDGACGEDAHEALRLTFHDA1GFSPSR——GVMGGGADGSV1TFSDTEVNFPANLGID 112 
PO-MnPl FDDGACGEDAHEALRLTFHDAIGFSPSR----GVMGGGADGSVITFSDTEVNFPANLGID 112 
PE-MnP1 FDGAQCGEEVHESLRLTFHDAIAFSPALTNAGQFGGG6ADGSMI IFSDTEPNFHANLGID 119 
TV-MnP1 FDGGECGEEVHESLRLTFHDAIGISPSIASRGQFGGGGADGSIALFEDIETNFHANLGVD 115 
PC-MnPl FQN-ECGEDAHEVIRLTFHDAIAISRSQ—GPKAGGGADGSMLLFPTVEPNFSANNGID 105 
PS-MnPI LQN-ECGEDAHEIIRLTFHDAIAISQSL—PPSAGTGADGSMLLFPLVEPEFQASNGID 108 
： * * * : • * * ：氺氺氺氺**氺氺.：* ： . 氺 ： * 氺 氺 氺 * : * 氺 . * : * 
peroxidase res. B M M H HHC C G C H H 
PP-MnP5 EIVEAEKPFLARHN-1SAGDLVHFAGTLGVSNCPGAPQNLSFFLGRPPAKAASPIGLVPE 171 
PO-MnPI EIVEAEKPFLARHN-ISAGDLVHFAGTLAVTNCPGAPR-IPFFLGRPPAKAASPIGLVPE 170 
PE-NlnPl E1VEAQKPFIARHN-ISAADFIQFAGAIGVSNCAGAPR-LNFFLGRPDATQIPPDGLVPE 177 
TV-MnPl E11DEQRPFIARHN-LTTADFIQFAGAIGVSNCPGAPQ-LDVFIGRPDATQPAPDLTVPE 173 
PC-MnP1 DSVNNL1PFMQKHNT1SAADLVQFAGAVALSNCPGAPR-LEFLAGRPNKTIAAVDGLIPE 164 
PS-MnP1 DSVNNLIPFLSSHPNITAGDLVQFAGAVALTNCPGAPR-ELLAGRKNAVAPAIDGLIPV 166 
：：: 氺 氺 ： * • : * * • ：* 
peroxidase res. B 
PP-MnP5 PFDTITDILARMDDAG-FVSVEVVWLLSAHSVAAADHVDESIPGTPFDSTPNLFDSQIFI 230 
P0-MnP1 PFDT1TD1LARMDDAG-FVSVEVVWLLSAHSVAAADHVDETIPGTPFDSTPNLFDSQIFl 229 
PE-MnP1 PFDDVTKILSRMGDAG-FSTVEVVWLLASHTIAAADHVDPSIPGTPFDSTPSTFDSQFFL 236 
TV-MnP1 PFDTVDS11ERFSDAGGFTPAEIVALLVSHTIAAADHVDPSIPGTPFDSTPEEFDTQFFI 233 
PC-MnP1 PQDSVTKILQRFEDAGGFTPFEVVSLLASHSVARADKVDQTIDAAPFDSTPFTFDTQVFL 224 
PS-MnPI PQDNVSTILARFADAGNFSPFEVVSLLASHSVARADKVDPTLDAAPFDTTPFTFDTQIFL 226 
* * : 氺 ： * : * * * 氺 .氺：氺 * * : * : : * * * : * * ： . ： * * * : * * * * : * . * ： 
peroxidase res. A A HC M HC C C C 
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PP-MnP5 ETQLRGISFPGTGGNHGEVQSPL RGEMRLQSDHLFARDDRTSCEWQSMT 279 
PO-MnPI ETQLRG I SFPGTGGNHGEVQSPL KGEMRLQSDHLFARDDRTSCEWQSMT 278 
PE-MnP1 ETMLQGTAFPGTPGNQGEVESPL AGEMRLQSDFLLARDSRSACEWQSMV 285 
TV-MnP 1 ETQLRGTLFPGTGGNQGEVESPL RGELRLQSDSELARDSRTACEWQSFV 282 
PC-MnPI EVLLKGVGFPGSANNTGEVASPLPLGSGSDTGEMRLQSDFALAHDPRTACIWQGFV 280 
PS-MnP1 EVLLKGVGFPGLDNNTGEVASPLPFGDTSTGGNDTGMMRLQSDFALARDERTACFWQGFV 286 
氺：氺 氺** .氺氺氺氺*氺氺 * :*氺氺氺氺 ：*:*氺：：* *氺.：. 一 
peroxidase res. HA B 
PP-MnP5 NDQQKIQDRFSDTLFKMSMLGQNQDAM1DCSDVIPVPAALVTK-PHLPAGKVRTDVEQAC 338 
PO-MnPl NDQQKIQDRFSDTLFKMSMLGQNQDAMIDCSDVIPVPAALVTK-PHLPAGKSKTDVEQAC 337 
PE-MnP1 NNMPKIQNRFTQVMKKLSLLGHNQADLIDCSDVIPVPKTLTKA-ATFPAGKSQADVEIVC 344 
TV-MnP1 NNQAKLQSAFKAAFRKMTVLGHDESLLIECSELVPTPPPATSV-AHFPAGLSNADVEQAC 341 
PC-MnP1 NEQAFMAASFRAAMSKLAVLGHNRNSLIDCSDVVPVPKPATGQPAMFPASTGPQDLELSC 340 
PS-MnPl DQQDFMAQSFQAAFEKMAILGSNAADLINCSAVVPQSVGPVTVPATFPATTGPQDLQLNC 346 
: : 氺 . ： * : : : * * : ：木：*氺：：* . . ••氺氺 * ： ： 氺 
peroxidase res. B B 
PP-|yinP5 —ATDAFPALAADP6PVTSVPRVPPA 362 
P0-MnP1 —ATGAFPALGADPGPVTSVPRVPPA 361 
PE-MnPl NAAATPFPALASDPGPVTAVPPVPPS 370 
TV-MnPl —AETPFPTLPTDPGPVTTVAPVPPS 365 
PC-MnP1 —PSERFPTLTTQPGASQSL1AHCPDGSMSCPGVQFNGPA- 378 
PS-MnPl —TSETFPSLSIDPGATETL1PHCPDGTEDCPSLQFSGPATDSP 388 
. 氺氺：* :氺氺. ：： * 
peroxidase res. 
Figure 4.1 Multiple alignments of amino-acid sequences of flingal manganese 
peroxidases. MnP from P. chrysosporium (PC), P. eryngii (PE), P. ostreatus (PO), 
Poria subvermispora (PS), T. versicolor (TV) and P. pulmonarius (PP) are compared. 
The alignment was generated by ClustalW 1.82 at the EBI server. residues 
conserved in the 6 sequences; :，residues are very similar and .，residues are similar. 
MnP residues important for structure or catalytic activity are shown on black 
background and explained in the bottom line: A, aromatic substrate oxidation; B’ 
disulfide bridge; C, Ca^^ binding residues; H, heme pocket residues; M, Mn^^ 
binding site. GenBank No. (gene or cDNA sequences): PO-MnPl, U21879; 
PE-MnPl, AF15710; TV-MnPl, Z30668; PC-MnPl, M60672; and PS-MnPl, 
U60413. PPMnPS is the deduced amino acid. 
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4.4.2 PPlacl and PPlac6 
Multiple sequence alignments of PPlac2 and PPlac6 with laccase of other fungi {P. 
pulmonarius, P. ostreatus, Trametes villosa, T. versicolor, Volvariella volvacea and 
Coprinus cinereus) were undertaken with the help of the software ClustalW 
(Thompson et al., 1994). With the conserved region greater than seven residues in 
length, the region was converted into a sequence logo. From the alignment, a total 
of four ungapped conserved regions are detected as the laccase signature sequence 
composed of the segments L1-L4 starting from the N-terminus as shown in Table 4.1 
(Suresh Kumar et al., 2003). The 21-residue L4 region near the C-terminus 
(residues 455-475 of P. pulmonarius laccase) conforms to the earlier reported type I 
copper signature sequence of multi-copper oxidases. This region also conforms to 
the type II copper signature sequence. The presence of the laccase signature 



































































































































































































































































































































































































































Several parameters should be considered when designing primers. Firstly, primers 
can be designed as close as possible to each other to yield amplicon size ranging 
from 50-250 bp. The GC content of the primers should be of range 20-80%. 
Identical nucleotide especially four or more Gs should be avoided in the primers. 
The Tm for each primer should be 58-60 Moreover, the five nucleotides at the 3' 
end should have no more than two G and/or C bases. The primers designed for 
analysis are shown in Table 4.2 and their concentrations were optimized. 
Table 4.2 A summary of sense (S) and anti-sense (AS) primers sequences, 
amplicon size and annealing temperature used in the real-time PCR 
Name Sequences (5'-3') No. of Annealing Cone. (/xM) 
base pairs temperature 
PPlac6R S: G A G C A G G G C A A G C G T TAT A G 170 bp 60。C 40.0 
AS: TCT G G T T G G C G T T G A C G A T 
TubulinR S: T T G ATG C C G TCC T C G ATG TTG 220 bp 60。C 10.0 
AS: A T G T C G T A G A G A G C C T C G TTA T C A 
Table 4.3 Conditions for real-time PCR 
PCR mixture Thermal cycling parameters 
2X SYBR Green PCR Master 12.5 /xL Stepl 50 2 min 
Mix 
Forward primer 0.5 /xL Step2 95 °C 10 min 
Backward primer 0.5 /xL Step3 95� C 30 sec 
Ultra Pure Water 10.5 /xL Step4 60 1 min 
DNA Template 1.0 juL Step 5 72 °C 1 
Total Volume 25 juL Steps 3-5 were repeated for 40 times 
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RNA from different incubation time was extracted and undergone RT reaction, 
described in Section 2.2.4. The PCR reaction was performed using SYBR® Green 
PCR Master Mix (Perkin-Elmer). The details for the PCR reaction mixture and also 
the thermal cycling parameters applied are summarized in Table 4.3. No template 
control (NTC) was prepared for each pair of primers, in which no cDNA template 
was added. The PCR reaction was performed in ABI PRISM 7700 Sequence 
Detection System (Perkin-Elmer). After PCR cycles, 12-15 [iL of each PCR 
product was electrophoresed on an 2% agarose gel and stained with ethidium 
bromide to confirm the generation of specific PCR product. 
4.4.3.2 Comparison of conventional P C R and real-time P C R 
Real-time PCR developed in the late 20 century and getting more and more popular 
in the scientific and medical field (Ponchel et al., 2003; Flori et al., 2004). The 
5'-nuclease assay with TaqMan probes was first developed and followed with 
SYBR-Green. The advantages of using SYBR-Green over TaqMan probes are the 
relative simplicity and the reduced cost of SYBR-Green compared to TaqMan probes. 
In comparison of the conventional RT-PCR followed by gel electrophoresis adopted 
in this experiment with the real-time PCR (SYBR-Green), the sensitivity using 
real-time PCR was higher than the conventional method at the expense of higher cost 
in detection and specificity in detection (Figure 4.2 and Table 4.4). However, when 
comparing the changes of expression of PPlac6 along the incubation time using the 
two PCR methods, notably the general trend of the change in expression are the same, 
just a matter of the magnitude. The magnitude of the fold change will be larger in 
real-time than in conventional PCR. However, the cost of conventional PCR 
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Figure 4.2 Fold change in gene expression of PPlac6 transcript using 
SYBR-Green real-time PCR. All the time points were first normalized with the 
/3-tubulin before setting time Ihr as control for each treatment. 
Table 4.4 The normalized PPlac6 amount relative to |S-tubulin at each sampling 
time  
Time (Hour) Sample Normalized PPlac6 amount relative to Range of the normalized 
jg-tubulin at particular time PPlac6 amount 
1 Control 1 0.9-1.1 
^ y 2.1-4.6 
4 Control 1 0.7-1.5 
^ ^ 29.3-36.1 
8 Control 1 0.7-1.4 
^ m 12.9-22.6 
12 Control 1 0.8-1.3 
^ ： 15.3-85.4 
24 Control 1 0.7-1.4 
^ 12.9 12.1-13.7 
48 Control 1 0.7-1.4 
^ ^ 5.7-13.0 
96 Control 1 0.7-1.4 
PCP 7.5 6.4-8.8 
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4.5 Application and Further Investigation 
From the result, P. pulmonarius demonstrated its ability in bioremediation, it can 
degrade a broad spectrum of organopoUutants which include some of the priority 
pollutants (DDE and benzo[a]pyrene) listed in USEPA. Moreover, the PCP 
degradation capacity of P. pulmonarius is relatively higher in comparison with P. 
chrysosporium, L. edodes, Volvariella volvacea (Chiu et al., 1998). Immobilizing P. 
pulmonarius on the bioreactor may be a way to bioremediate organopoUutants in 
industrial scale. For the two ligninolytic enzymes, they both have large potential 
uses in bioremediation especially PCP. The removal of PCP correlated well with 
the laccase and MnP activities. However, further studies on the limiting factors that 
inhibit the ligninolytic enzyme production under non-phenolic stresses may be 
needed, so that the application of ligninolytic enzymes on bioremediation can be 
widened. The commercially produced laccase and MnP are too expensive for 
application. To make these potential applications become real, an inexpensive 
source of MnP and laccase must be obtained. Five MnP genes and seven laccase 
genes of P. pulmonarius were isolated. They are all novel in nature. The complete 
cDNA sequences of three PCP-degradative transcripts {PPMnPS, PPlac2 and PPlac6) 
were also generated. PPMnPS, PPlacl, PPlac2 and PPlac6 are PCP-degradative 
genes, and PPlacl, PPlac2 and PPlac6 were also modulated by many 
organopoUutants. P. pulmonarius is a promising species for tropical and subtropical 
cultivation. It is very adaptive to the Hong Kong. Large amounts of laccase and 
MnP of multiple isoforms including PPMnPS, PPlacl and PPlac2, which are 
isozymes involved in organopollutant degradation, were induced in the presence of 
straw. With the well-established fermentation technology of P. pulmonarius (Chang 
& Quimio, 1982), these laccase isozymes can be produced in mass scale. With 
further purification, MnP and laccase isozymes can be obtained in a cost-effective 
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and environmental friendly way. They can be dried in powder form and directly 
applied to the soil or aquatic system for PCP remediation. However, fermentation 
technology could not be applied for PPMnPS and PPlac6 because the two 
lignocellulosic substrates did not enhance the transcription of both of them. Further 
studies on the changes of PPMnPS and PPlac6 transcript levels with the addition of 
mediators / cooxidants to P. pulmonarius can be done, so as to apply fermentation 
technology for the mass production of them. Nevertheless, cloning of the laccase or 
MnP gene followed by homologous or heterologous expression may provide a 
solution. Homologous or heterologous expression is mainly the fusion of the target 
gene to the highly expressive gene promoter of the same host or a foreign host. 
Yeast, especially Saccharomyces cerevisiae and Pichia pastoris, and filamentous 
fungi, especially Aspergillus niger and A. oryzae, are major hosts employed in the 
expression of authentic heterologous proteins. They are well-established expression 
systems (nearly two decades) for heterologous expression of industrial enzymes 
(Eckart and Bussineau, 1996，Berka et al,, 1997); they secrete heterologous proteins 
efficiently, e.g. Aspergillus oryzae produced 3 g/L aspartic protease in controlled 
fermentation (Verdoes et al” 1995). The most important advantage using this 
technology is that the target ligninolytic enzyme can be isolated and produced in 
large amount for industrial application. There are still some limitations for this 
developing technology, like post-translation modification problem, incorrect 
glycosylation/folding, inefficient translation or translocation; and mRNA instability 
in heterologous system (Gouka et al., 1997). Or the promoters of these genes are to 
be identified and modified to have these genes expressed constitutively. There are 
still areas for further improvement and development. 
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5 Conclusion 
In this study, PCP was shown to enhance the MnP and laccase activities and 
productivities of white rot fungus Pleurotus pulmonarius. The optimum 
concentration of PCP for the maximum activation of both enzymes was 600 ijM 
PCP/g biomass. Higher or lower PCP concentration also decreased the 
enhancement effect. Activation of laccase and MnP correlated with the degradation 
of PCP. 
With the suppression of the biomass growth under all the PCP concentrations, PCP is 
present as a highly toxic substance towards R pulmonarius. The removal efficiency 
of PCP by this mycelial system and PCP concentration applied showed an inverse 
relationship. The removal efficiency ranged from 19.7 to 95.2%. 
5 MnP genes and 7 laccase genes were isolated from P. pulmonarius, and they exist 
as multiple isozymes. P. pulmonarius is then found to possess the greatest number 
of genes encoding ligninolytic enzymes among the white rot fungi studied. 
PPMnP2 and PPMnP3 have high homology and should belong to the same gene 
family, while PPlacl and PPlac2 are also phylogentieally close and should belong to 
the same gene family. 
The transcriptional control of the MnP and laccase genes varied. They also showed 
differential response to PCP. Among the MnP genes, PPMnPl was down-regulated, 
while PPMnPS was up-regulated by PCP. PPMnPS transcript is PCP-degradative 
and PCP specific. The gene expression of PPMnP2, PPMnPS and PPMnP4 were 
not stable within 96 hours after the PCP addition, and their transcription were 
independent with PCP-degradation. 
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PPl机 PPlac2 and PPlac6 were activated by PCP, but PPlac5 transcript was 
suppressed by PCP. The transcriptional response became obvious from 24 hours 
onwards. The gene expressions of PPlacS, PPlac4 and PPlac? were not stable and 
fluctuated until 96 hours. Thus the expression of these three genes should be 
independent with PCP-degradation. 
Both MnP genes and laccase genes are differentially regulated by organopollutants 
and lignocellulosic substrates. Congo Red, naphthalene, phenanthrene could also 
enhance the transcription of some of the MnP coding genes, but did not increase in 
MnP activity. Therefore, transcriptional control is not equal to translational 
regulation. This implies that there should be more than 5 MnP genes possessed by 
P. pulmonarius. 
PPlac4 and PPlac5 transcripts were both constitutive and non-responsive to 
organopollutants and nutrient stresses. The transcription levels of PPlacl, PPlac2 
and PPlac6 are both enhanced by PCP and also by a broad spectrum of 
organopollutants and lignocellulosic substrates (straw and sawdust). However, 
transcription could not result in the translation of corresponding laccase for 
nonphenolic compounds. In the case of PPlac2, in addition to the activation of 
transcription under organopollutants, it was also activated by lignocellulosic 
substrates. Among all the organopollutants tested, PPlac? seems to respond 
specifically to benzo[a]pyrene. 
PPMnP5 is phylogenetically close to R ostreatus manganese peroxidase and distant 
from P. subvermispora peroxidase. PPlac2 and PPlac6 are typical multi-copper 
oxidases in which they have laccase signature sequences (L1-L4). The deduced 
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amino acid sequence of P. pulmonarius laccase PPlac2 has around 60% similarity 
with the other fungal laccases, but PPlac6 showed low similarities with all the other 
fungal laccases, even with PPlac2, with homology less than 50%. Further 
characterization of these genes may be needed. 
This study demonstrates the differential regulation of MnP and laccase genes and 
their potential bioremediation ability. P. pulmonarius shows the ability to degrade the 
toxic substrate pentachlorophenol, which is a priority persistent organopollutant. 
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